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Dear Sir: 

1. This Declaration is being submitted to demonstrate that the claimed invention 
unexpectedly provides the ability to rapidly determine which of one or more activated 
transcription(al) factors(s) is/are present in a cell or cell lysate with high sensitivity and 
specificity. 

2. I am an inventor on the above-identified patent application and am familiar with the 
specification and prosecution history. 

3. I have extensive experience in the field of the claimed invention as indicated in the 
attached Curriculum Vitae provided herewith as Exhibit A. 

4. The claimed invention provides accurate screening and/or quantification method of one or 
more activated transcription factor(s) present in a cell or cell lysate. In order to provide 
specificity, the claimed invention provides: a double-stranded DNA sequence comprising a 



-1- 



Appl. No. 
Filed 



09/816,763 
March 23, 2001 



specific sequence which is specifically recognized by activated transcription factor(s) and means 
for identifying and/or quantifying a signal specific for the binding of said activated transcription 
factor(s) upon said double-stranded DNA sequence(s), for example through the use of antibodies 
specific for the activated transcription factor(s). In order to provide particular technical features 
related to the invention as explained below, the double-stranded DNA sequence is linked to a 
spacer which comprises a double-stranded nucleic acid part which is between about 50 and about 
250 base pairs and which is not present in the cell containing the activated transcription factor(s) 
to assay. 

5. The present invention was designed to overcome a problem in prior art methods for the 
screening and/or quantification of activated transcription factor(s) present in a cell or cell lysate. 
The process of screening should not be overly time consuming. The problem of identifying 
activated transcription factors is that one has to have high sensitivity to be able to detect low 
amounts of one or more activated transcription factors in a cell or cell lysate, which represents 
only a small fraction of the total amount of proteins in presence, and a high specificity to be able 
to distinguish among activated and non activated transcription factors present in the sample, but 
also to only bind and detect the target transcription factor(s). Traditionally, transcription factor 
activity has been studied using either Electrophoretic Mobility Shift Assay (EMSA), 
immunoblotting or reporter gene assays. The problem in the prior art methods is that they are 
quite time-consuming and at best, provide only semi-quantitative results. In order to obtain good 
sensitivity of transcription factors detection, the EMSA method proposes the use of short 
radioactive double-stranded oligonucleotide probes in the range of 20 bp, containing the specific 
sequence of transcription factor binding. These radioactive probes are incubated in solution with 
cell extracts and if the transcription factors are present in the cell extract, they bind to their 
specific sequence. Samples are then resolved by native polyacrylamide gel electrophoresis 
followed by autoradiography. A retarded band, corresponding to transcription factor/probe 
complexes appears, in addition to the fast migrating band corresponding to the free probe. Under 
those basal conditions, however, only limited specificity is reached, as multiple transcription 
factors can bind a same specific sequence, i.e. if they belong to the same binding family 
(examplified by the CREB family: Shaywitz and Greenberg (1999) Annu.Rev. Biochem. 68:821- 
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861, see attached). In addition, many transcription factors can bind DNA without being 
activated, their activation relies on structural modifications occuring after the binding (Shaywitz 
and Greenberg (1999) Annu.Rev. Biochem. 68: 821-861). To identify which transcription factor, 
and under which form, actually formed the complex of the retarded band, EMSA uses supershift 
experiments. An antibody which specifically recognizes the target transcription factor, and 
possibly its activated form, is added to the mix prior to electrophoresis. A slow-migrating, 
'supershifted' band appears if a complex between the transcription factor/DNA/antibody did 
form. Those skilled in the art acknowledge that supershifted bands are hardly observable and 
difficult to quantify. 

6. Therefore, EMSA is poorly specific, poorly sensitive, time consuming and does not allow 
the handling of a large number of samples. Thus the method is difficult to adapt to automation 
and is not suited for screening. In addition, it is based on the use of j2 P radioactive probes. If the 
probe has a length corresponding to the exact sequence of the binding site for the transcription 
factor (typically 4-8 nucleotides), it is not sufficient to obtain a sensitive detection, and additional 
bases are necessary to allow the formation of stable complexes between the factor and the probe. 
On the other hand, if the radioactive probe is too long , then the method has low specificity due to 
the undesired cross-binding of transcription factors present in the sample to sequences adjacent, 
or even overlapping, the specific binding site (4-8 nucleotides). 

7. To address the specificity issue, prior art assays have typically used short DNA sequences 
and to address the sensitivity issue, they have used radioactive probes which are incubated in 
solution with the transcription factors. However, theses options necessarily invoke one of the 
disadvantages raised above. 

8. We unexpectedly found that if a double-stranded DNA sequence is connected to the 
surface of the solid support via a spacer containing a double-stranded nucleic acid part which is 
between about 50 and about 250 base pairs in length, the detection of small amounts of activated 
transcription factors gains in sensitivity without loosing high specificity. We also found that 
using a spacer whose nucleic acid part is not present in the cell containing the activated 
transcription factors to assay allowed gaining in specificity without loosing the sensitivity. 
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9. Keeping the detection sensitivity together with the specificity for detection of one or more 
activated transcription factors was an unexpected result of the present invention. 

10. The ability of the claimed invention to measure the activity of transcription factors 
(simple and quantitative assay) and to rapidly yield results is extremely valuable in commercial 
applications. The kit using the method of the present invention is currently commercialized by 
Eppendorf AG. The product is referred to as TF Chip MAPK, which is able to simultaneously 
quantify eight activated transcription factors (API (c-Jun), ATF2, c-Myc, Elk-1, MEF2, NFATcl, 
p53 and STAT1) on a micro-array. 

11. In order to provide high sensitivity , the claimed invention utilizes a relatively long double- 
stranded capture probe immobilized on a solid support, comprising a spacer which comprises a 
double-stranded DNA nucleotide sequence of between about 50 and about 250 base pairs in 
length. The use of a long spacer allows increasing the sensitivity of the method on a solid support 
for which the steric hindrance is higher than a reaction performed in solution. Also, there is no 
need to label the capture probe like in the EMSA and the cell extract can be directly contacted 
with the insoluble solid support without any further treatment. However, transcription factors do 
not bind with the same specificity to long capture sequences as to short capture sequences. 
Indeed, increasing the length of the DNA sequence which contains a specific transcription factor 
binding site also proportionally and statistically increases the number of binding sites for the 
same, but mainly for other transcription factors. Hence, a spacer of 5 to 1 kb in length, as 
suggested by Heslot et al, or a DNA sequence of 18 to 250, as teached by Peterson et al, cannot 
be used to reach specific transcription factor detection. 

12. To illustrate this purpose, the sequence of 46 bp given in example from Peterson et al., 
designed to bind NFkB (column 13, lines 10-12), was analyzed using the TFSEARCH engine (on 
WorldWideWeb at cbrc.jp/research/db/TFSEARCH.html; limitation to the vertebrate matrix). 
Two NFkB specific sites were identified (corresponding respectively to base pairs 10-19 and 31- 
40). However, binding sites for other factors were found to overlap these sites: NFkB site 1 is 
overlapped by sites for MZF1, GATA-3 and GATA-1, while NFkB site 2 is overlapped by sites 
for ADR1 and Ik-2. 
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13. Since Peterson et al. teach the possibility of use of sequences of 250 bp, the inventors 
tested for the feasibility of increasing the 46 base pairs used in Peterson et al. to a length of 250 
bp naturally present in the gene containing the NFkB binding site. In a BLAST search performed 
on the 46 bp sequence of the exemple of Peterson et al., a list of sequences with high homology 
was obtained. The first sequence listed was the human sequence XM-941266-2 (bp 7357-7339), 
which has an identical to base pairs 24-42 of the test sequence, containing the NFkB binding site 
#2. We therefore considered a 250 bp fragment from this human sequence starting from position 
7357 (7357-7108) to coveer the NFkB binding site and the adjacent sequence. Using the 
TFSEARCH analysis tool, 27 high score binding sites for transcription factors were identified in 
addition to the NFkB site (which now corresponds to bp 7341-7350), some overlapping or lying 
very close to this NFkB site. A second NFkB binding site was even identified (bp 7240-7249). 

1 4. Considering such a sequence as a capture molecule would prevent the development of a 
specific NFkB assay, as transcription factors binding close to or within the NFkB binding would 
interfere with the assay. Such an assay would also not be reproducible, as different samples may 
contain different interfering transcription factors. Finally, quantification would not be possible, 
as the two NFkB sites from the example above have different sequences, and hence different 
affinities for the factor. 

15. The present invention overcomes this problem by linking a short specific binding 
sequence to a spacer containing a double-stranded DNA nucleotide sequence of between 50 and 
250 base pairs in length, and which is a nucleotide sequence not present in the cell containing the 
activated transcription factors to assay. 

16. Exhibits 1-4 show experimental data obtained which exemplify the advantages of the 
claimed method. 

17. Exhibit 1 shows that binding of activated transcription factors to a short specific binding 
sequences which are linked to a very short nucleotidic spacer of 6 bp is specific, but the obtained 
signals are in average very low. In the experiment of Exhibit 1, five activated transcription 
factors (NFkB, Elk-1, c-Myc, STAT1 and STAT3) were contacted with short double-stranded 
capture probes of 30 bp comprising the specific binding site for the target transcription factor and 
a spacer of 6 bp. The protocol provided in Example 3 of the present Application was used to 
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conduct the analysis, with several modifications. The probes were as in Example 1 of the 
application, except that the CMV spacer was replaced by a synthetic 5' aminated spacer. Spotting 
was performed directly on activated glass slides without streptavidin treatment, and the probes 
concentration was 2000 nM. The assay was conducted according to the protocol described in the 
TF Chip MAPK kit, with fluorescence detection (Eppendorf, Germany). Exhibit 1 compares the 
results obtained with the five transcription factors. As depicted in Exhibit 1, only NFkB is 
detected with good sensitivity, the other factors showing either a low signal (c-Myc, STAT1 and 
STAT3) or no signal at all (Elk-1). Results can be compared with the Exhibit 3 for longer 
spacers. The high variability in signal detection using 6 bp spacers is also incompatible with the 
simultaneous analysis of more than one factor. Thus, use of a short double-stranded DNA 
capture probe provides specificity but not sensitivity for the majority of the tested factors (4 out 
of 5). 

18. Exhibit 2 shows that binding of an activated transcription factor (HNF3) to a short 
specific binding sequence which is linked to a long double-stranded DNA spacer of 100 bp may 
be specific or not depending on the sequence of the spacer. The short specific binding sequence 
of HNF3 is linked to the support via a spacer of 100 bp (spacer 1). Different spacer sequences of 
100 bp (spacer 1 to 6) are also present on the array as such (not linked to HNF3 specific binding 
sequence). The protocol described in the TF Chip Stem Cell kit (Eppendorf, Germany) was 
followed in this experiment. As depicted in Exhibit 2, the HNF3 transcription factor binds 
specifically to its specific sequence linked to spacer 1, but also to spacer sequence 4 alone. 
Therefore, the selection of the spacer used in the assay is important to ensure sensitivity but also 
specificity. Such spacer must be designed so that it does not bind any transcription factor 
possibly interfering with the assay. Such spacer sequence is preferably a synthetic sequence not 
present in the cell assayed for the presence of activated transcription factor(s). 

19. Exhibit 3 shows that binding of activated transcription factors to short specific binding 
sequences which are linked to a spacer comprising a double-stranded DNA sequence of between 
about 50 and about 250 base pairs, which is not present in the questioned cell, results in an assay 
which is highly specific and sensitive. The experiment was conducted as in Exhibit 1 but in 
addition to the spacer of 6 bp, synthetic spacers of 20, 50 and 100 bp were tested and the 
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resulting signals were quantified. As depicted in Exhibit 3, a high signal was obtained for the five 
tested transcription factors, when the specific binding sequence is linked to spacers of 50 and 100 
bp. We also found that the signals measured with spacers below 50 bp may not increase linearly 
with the spacer size (see STAT3). This is important in the context of a micro-array because the 
binding conditions for all of the factors to be assayed on the array are uniform, while the optimal 
binding conditions for each factor are different. Enhancing the signal levels using spacers of the 
lengths recited in the claims offers the possibility to evaluate the binding of multiple factors under 
uniform conditions. 

20. Exhibit 4 shows that even when a plurality of transcription factors are present in a sample, 
the use of a short specific binding sequence linked to a spacer comprising a double-stranded 
DNA sequence of between about 50 and about 250 base pairs in length, which is not present in 
the questioned cell, allows obtaining specific signals with high values (i.e. the method is sensitive 
and specific). Each capture probe of the micro-array contains double-stranded DNA comprising 
a specific binding site for the TF and a common spacer of 100 bp. Exhibit 4 shows the 
quantification of signals resulting from activated TFs binding to a micro-array (TF Chip MAPK, 
Eppendorf, Germany). Extracts were obtained from HeLa cells stimulated with PMA either for 
1 0 min or for 1 hour, and the protocol was as described in the TF Chip MAPK kit instruction 
manual. In Exhibit 4, a signal increase was obtained for API (c-Jun), MEF2 and p53 after a 1 
hour PMA stimulation of HeLa cells compared to the 10 min stimulation condition. There was 
activation at both stimulation times for ATF2, cMyc and ELK1. NFATcl and STAT1 were not 
activated at any stimulation time. The assay is quantitative and signal changes between different 
stimulation times (observed for API (c-Jun), MEF2 and p53) are extremely valuable to 
understand the activation profile of a cell. 

21. In conclusion, the method provided according the requirements of the present invention is 
both sensitive and specific even when a plurality of transcription factors is simultaneously 
quantified in a cell or cell lysate. 

22. I declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful, false statements and the like so made are 
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punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or 
patent issuing therefrom. 



I* 
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Exhibit 1 : Quantification of signals obtained for the binding of five activated transcription factors 
(NFkB, Elk- 1 , c-Myc, STAT1, STAT3) to capture probes on a micro-array. Capture probes 
corresponding to each TF are made of double-stranded DNA and comprise a specific binding site 
and a common spacer of 6 bp. Signals for each TF were measured for control and stimulated 
cells in each factor's optimal assay conditions: NFkB: WI38 +/- interleukin-1; Elk-1: HeLa +/- 
phorbol 12-myristate 13-acetate (PMA); c-Myc: NIH3T3 +/- PMA; STAT1: COS7 +/- 
interferon^ STAT3: HepG2 +/- interleukin-6. Signals were obtained with Cy3 -labeled secondary 
antibodies and fluorescence scanning was performed using a ScanArray Express micro-array 
scanner from Packart Bioscience and a laser power of 100. Scans were performed with a gain = 
100, except for NFkB, where a gain = 80 was used. Y axis is in relative fluorescence units. X 
axis represents the transcription factor tested. 

^ : non-stimulated cells; M stimulated cells. 
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Exhibit 2: Fluorescent detection of the activated hepatocyte nuclear factor (HNF) 3 transcription 
factor through its binding to different capture probes on a micro-array. 
Capture probes spotted on the array in triplicates: 

- Short sequences specifically binding different transcription factors (26 bp) linked to spacer 1 
(100 bp). The name of the transcription factor is given in blue. 

- Spacers alone (Spacerl to Spacer6; 100 bp) with different sequences (in red). 
-Ctrl-: spotting buffer. 

-Ctrl+: Cy3 -labeled spacer 1. 

The array was contacted with 30 ug of a nuclear extract from HepG2 cells. The primary antibody 
used was a goat anti-HNF3(3 polyclonal IgG (Santa Cruz Biotechnology). The assay was 
performed according to the procedure described in the instruction manual of the TF Chip Stem 
Cell kit (Eppendorf, Germany). Signals were obtained with Cy3-labeled secondary antibodies and 
fluorescence scanning was performed using a ScanArray Express micro-array scanner from 
Packart Bioscience, a laser power of 100 and a gain of 80. 
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Exhibit 3: Quantification of signals obtained for the binding of five activated transcription factors 
(NFkB, Elk-1, c-Myc, STAT1 , STAT3) on their respective capture probes on a micro-array as 
provided in Exhibit 1. Capture probes corresponding to each TF are made of double-stranded 
DNA and comprise a specific binding site and a common spacer of increasing length of 6, 20, 50 
or 100 bp, which is a nucleotide sequence not present in the tested cells. Y axis is in relative 
fluorescence units. X axis represents the spacer size (bp). 
' : non-stimulated cells; M stimulated cells. 
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Exhibit 4: Quantification of signals obtained for the binding of activated transcription factors 
(TFs) in nuclear extracts of HeLa cells after PMA stimulation at two different times using the TF 
Chip MAPK kit (Eppendorf; Germany). Spots corresponding to each TF contain double-stranded 
DNA comprising a specific binding site for the TF and a common spacer of 1 00 bp. Signals for 
each TF were measured for 10 min stimulation with PMA (A) and for 1 hour stimulation with 
PMA (B). Signals were obtained with Cy3-labeled secondary antibodies and fluorescence 
scanning was performed using a ScanArray Express micro-array scanner from Packart 
Bioscience and a laser power of 100. Scans were performed with a gain = 80. Y axis represents 
the fluorescence signals as generated by the TF Chip MAPK kit software. X axis represents the 
transcription factors that can be detected using the TF Chip MAPK kit. 
IS : 10 min stimulation; SI : 1 hour stimulation. 
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■ Abstract Extracellular stimuli elicit changes in gene expression in target 
cells by activating intracellular protein kinase cascades that phosphorylate tran- 
scription factors within the nucleus. One of the best characterized stimulus- 
induced transcription factors, cyclic AMP response element (CRE)-binding 
protein (CREB), activates transcription of target genes in response to a diverse 
array of stimuli, including peptide hormones, growth factors, and neuronal activ- 
ity, that activate a variety of protein kinases including protein kinase A (PKA), 
mitogen-activated protein kinases (MAPKs), and Ca 2+ /calmodulin-dependent 
protein kinases (CaMKs). These kinases all phosphorylate CREB at a particular 
residue, serine 133 (Serl33), and phosphorylation of Serl33 is required for 
CREB-mediated transcription. Despite this common feature, the mechanism by 
which CREB activates transcription varies depending on the stimulus. In some 
cases, signaling pathways target additional sites on CREB or proteins associated 
with CREB, permitting CREB to regulate distinct programs of gene expression 
under different conditions of stimulation. This review discusses the molecular 
mechanisms by which Serl33-phosphorylated CREB activates transcription, 
intracellular signaling pathways that lead to phosphorylation of CREB at Serl33, 
and features of each signaling pathway that impart specificity at the level of 
CREB activation. 
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INTRODUCTION 

Extracellular stimuli that trigger long-term phenotypic changes in cells, such as 
differentiation of a precursor cell or synaptic strengthening of a mature neuron, 
elicit changes in gene expression. These stimuli cause changes in gene expres- 
sion by activating intracellular pathways that propagate the initial signal from the 
plasma membrane to the nucleus. These pathways are comprised of protein 
kinase cascades that culminate in the phosphorylation and activation of critical 
transcription factors. Cyclic AMP (cAMP)-responsive element (CREB) — bind- 
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ing protein is perhaps the best characterized stimulus-induced transcription fac- 
tor. CREB was originally identified as a target of the cAMP signaling pathway, 
but studies on activation of immediate-early genes (IEGs) (1 ) revealed that CREB 
is a target of other signaling pathways activated by a diverse array of stimuli. All 
signaling pathways that activate CREB lead to phosphorylation of a particular 
residue, serine 133 (Serl33). Phosphorylation of Serl33 is required for CREB- 
induced gene transcription; however, CREB activity and specificity can be fur- 
ther modulated by phosphorylation of additional sites on CREB or of proteins 
associated with CREB. 

The structure of CREB and its relatives and corresponding genes have been 
extensively reviewed elsewhere (2, 3). This review focuses on the molecular mech- 
anisms governing stimulus-induced activation of CREB and CREB family mem- 
bers. CREB functions as a stimulus-induced transcriptional activator in organisms 
ranging from Aplysia to Drosophila to man (4). Studies on the biological functions 
of CREB have shown that CREB is critical for a variety of cellular processes, 
including proliferation, differentiation, and adaptive responses. In mice, CREB is 
required during development for generation of a normal repertoire of T-cell lin- 
eages (5), and absence of CREB leads to dwarfism and cardiac myopathy in the 
adult (5a, 6). CREB family members are believed to be important for learning and 
memory (7) and contribute to neuronal adaptation to drugs of abuse (8). CREB 
activity is also important for hormonal control of metabolic processes, including 
regulation of gluconeogenesis by the hormones glucagon and insulin (9). 

This review discusses findings on stimulus-induced CREB activation from 
experiments conducted primarily in mammalian systems. However, given the 
conservation across species within regions of CREB involved in stimulus- 
induced transcription (10), it is likely that mechanisms revealed for mammalian 
CREB will apply to CREBs from other species. 



THE CREB FAMILY 

The Discovery of CREB 

Identification and characterization of CREB stemmed from studies of cAMP reg- 
ulation of peptide hormone biosynthesis, in particular from somatostatin expres- 
sion in response to other hormonal stimuli. In mammals, circulating hormones 
such as glucagon and epinephrine cause an increase in the intracellular level of 
cAMP in target cells (11). The cAMP can, in turn, stimulate release of somato- 
statin from the appropriate cell type (12, 13). These circulating hormones also 
stimulate transcription of the genes for somatostatin and other neuropeptides (14, 
15). Initial efforts to understand the molecular basis of cAMP-dependent induc- 
tion of somatostatin gene transcription focused on deletion analysis of the pro- 
moter. This analysis identified an 8-bp cAMP-responsive element (CRE), 
5'-TGACGTCA-3', that is critical for cAMP induction of a reporter gene fused 
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to the somatostatin promoter (referred to as a somatostatin reporter gene) (15). 
The CRE was subsequently shown to bind CREB, present in nuclear extracts, 
and CREB was purified from nuclear extracts of the pheochromocytoma cell line 
PC 12 by using CRE affinity chromotography and shown to be a 43-kDa phos- 
phoprotein (16). A human CREB cDNA was cloned by screening a human cDNA 
expression library with a double-stranded 32 P-labeled CRE (17). Independently, 
sequence analysis of purified rat CREB led to the cloning of rat CREB cDNA 
(18). The human clone, termed CREBA, encodes a 327-residue protein, whereas 
the rat clone encodes a 341 -residue protein termed CREBa (all numbering of 
residues hereafter refers to position in CREBa). The two forms differ only by the 
presence of a 14-residue insert, termed the a-peptide, in the longer form (19). 
Both forms of CREB are present in human, rat, and mouse tissue, and both are 
ubiquitously expressed in somatic cells (20-22). The mouse and human CREB 
genes are each composed of 11 exons, with alternative splicing of one exon (the 
exon encoding the a-peptide) generating CREBa and CREBA (19, 23, 24). 
Another recently identified isoform, CREB (3, is generated by alternative splicing 
of several 5' exons, creating a CREB protein lacking the first 40 residues of both 
CREBa and CREBA (25) (Figure 1). Like CREBa and CREBA, CREB(3 is uni- 
formly expressed in all tissues. Several other far less abundant forms of CREB 
are also generated via alternative splicing, and some of these transcripts are 
expressed at particularly high levels in the testis (22, 24, 26). Although CREBa, 
CREBA, and CREB(3 can all activate CRE-dependent transcription in response 
to elevated levels of cAMP, the biological functions of the other CREB isoforms 
have not been well characterized. However, available data suggest that certain 
alternatively spliced exons present in these rarer CREB isoforms generate 
inhibitory forms of CREB that might be important for regulating expression and 
activity of the active CREB isoforms in germinal cells (24). Screening of cDNA 
expression libraries has also identified a novel, thymus-specific CREB isoform in 
which alternative splicing of one exon results in the deletion of the a-peptide as 
well as the deletion of an additional 62 residues (183-244) (27). 

ATF-land CREM 

Subsequent to characterization of CREB, two other highly related gene products 
were characterized: activating transcription factor 1 (ATF-1) and cAMP response 
element modulator (CREM). ATF-1 was identified originally as one of several fac- 
tors that bind to CRE-like elements present in adenovirus promoters (28-31). Sub- 
sequent screening of a HeLa cDN A library with CRE probes identified a large 
family of ATFs of which one, ATF-1, is 65% identical to CREB in primary struc- 
ture (32). Examination of ATF-1 mRNA in different cell lines derived from a vari- 
ety of tissue types suggests that ATF- 1 is widely expressed (33). Screening of a 
mouse pituitary cDNA library with a probe corresponding to the DNA-binding and 
dimerization domain of CREB led to isolation of a series of novel cDN As all 
derived from a single gene. This gene, CREM (34), has extensive sequence iden- 
tity with CREB (22, 35). One particularly interesting characteristic of CREM is 
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Figure 1 Principal cAMP response element-binding protein (CREB) isoforms. The 
genomic structure of the mouse CREB gene is shown, with the three most common 
alternatively spliced isoforms represented below. {Solid boxes) These are coding 
exons. {Open boxes) These are noncoding exons. {Solid lines) These indicate splicing 
events. The domains of the CREB protein (Q 1 , Q2, a, KID, Q2/CAD, and bZIP) cor- 
responding to particular exons are shown in the schematic on top. Adapted from 
Blendy et al (25). Printed with permission of Oxford University Press. 

that by alternative splicing, the same gene generates either activator or repressor 
forms of CREM. The a, 3, and y isoforms of CREM all bind to CREs, but func- 
tion as inhibitors of CREB and cAMP-mediated transcription (34). However, splic- 
ing of two additional exons generates a CREM isoform, CREMt, which is the most 
similar to CREB with respect to amino acid sequence, that functions as an activator 
of CRE-mediated transcription (35-37). Two particularly short forms of CREM 
are generated through use of either an internal translation initiation site or an inter- 
nal intronic promoter (38^0). The resulting products are essentially composed of 
a DNA-binding and dimerization domain and function as CRE-binding repressors. 
Unlike CREB, the various isoforms of CREM are not expressed uniformly across 
different tissues (35). CREMt mRNA is particularly enriched in testis, with some 
expression in brain (36), whereas expression of the truncated CREM isoforms 
appears to be confined to tissues of the neuroendocrine axis (38, 39). 

The bZIP Superfamily 

CREB binds to its DNA target sequence as a dimer (41). Dimerization occurs 
through a conserved structural motif at the C-terminus of the protein (Figure 2) 
formed by a heptad repeat of leucine residues, referred to as the leucine zipper 
(42, 43). DNA binding is mediated by a basic domain, a lysine- and arginine-rich 
stretch of amino acids just ammo-terminal to the leucine zipper (43). Presence of 
both the basic and leucine zipper (bZIP) domains places CREB within a larger 
family of bZIP transcription factors, including mammalian c-Fos, c-Jun, c-Myc, 
and C/EBP, as well as yeast Gcn4 (44, 45). 
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Figure 2 Domains of CREB. Shown are the principal domains of the CREB pro- 
tein, along with the phosphorylation sites at Serl33 and Serl42. Numbers on lop 
indicate the position of amino acid residues, (+) marks refer to the positively 
charged basic domain, and L refers to the leucine zipper domain. The position of 
the nuclear localization signal (NLS) is also indicated. 



Among the bZIP factors, CREB, ATF-1, and CREM constitute a subgroup 
of proteins that share a high degree of identity within the bZIP region. CREB 
and ATF-1 are 91% identical in the bZIP domain (32, 33). The CREM gene 
contains two bZIP domains; alternative splicing determines which bZIP is 
present in a particular CREM isoform. One of the CREM bZIP domains shares 
95% identity with CREB, whereas the other bZIP region exhibits only 75% 
identity (34). Like CREB, ATF-1 and CREM are able to bind to CREs 
as homodimers (32, 34, 35). However, the presence of highly related dimeriza- 
tion domains suggested that different members of the CREB/ATF-1/CREM 
subgroup might be able to form heterodimers. CREB/CREM heterodimers 
have been detected on cognate CREs in vitro (34, 35, 46). ATF-1 /CREB 
heterodimers have been detected in a variety of cell lines, although the amount 
of heterodimer relative to homodimers varies depending on the cell 
type (31, 47-49). Compared with ATF-1 /ATF-1 homodimers, ATF-1 /CREB 
heterodimers have a longer half-life when bound to the CRE (both approxi- 
mately several minutes), whereas CREB/CREB homodimers have the longest 
half-life (10-20 min). This duration of a CREB-dependent transcriptional event 
may be determined, at least in part, by the nature of the dimer bound to the tar- 
get promoter (48). 

While CREB, CREM, and ATF-1 are able to form heterodimers with each 
other and may heterodimerize with certain other bZIP factors, such as NF-IL6 
(see below), CREB family members do not heterodimerize with many other bZIP 
classes. Thus, although c-Jun and c-Fos can heterodimerize efficiently (50) and 
although other ATFs (including ATFs 2, 3, and 4) can heterodimerize with each 
other as well as with Fos and Jun family members (32, 51), neither CREB nor 
ATF-1 appear to do so (42, 52). These data support the idea that the CREB/ATF- 
1 /CREM family represents a distinct group, with each factor having the potential 
to regulate the activity of the others. Which of the six possible CREB, CREM, 
and ATF-1 combinations actually form, where and when they form, and the 
nature of their activity are unexplored issues. 
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PHOSPHORYLATION-DEPENDENT ACTIVATION 
OF CREB 

Stimulus-induced activation of CREB is mediated by phosphorylation. Exposure 
of cells to forskolin (53), an activator of adenylyl cyclase, leads to CREB phos- 
phorylation at a specific residue, serine 133 (Serl33); this site is phosphorylated 
in vitro by cAMP-dependent protein kinase A (PKA) (16, 18, 54). Phosphoryla- 
tion of Serl33 is required for signal-induced transcription in vivo, as mutation of 
Serl33 to a nonphosphorylatable residue (alanine) abolishes transcriptional 
response to elevated cAMP (54). 

How does phosphorylation of a transcription factor stimulate its ability to acti- 
vate transcription (55)? Phosphorylation at Serl33 could affect the stability of 
CREB, so that it is less labile when phosphorylated. Because CREB functions in 
the nucleus, phosphorylation at Serl33 might induce translocation of cytoplas- 
mic CREB to the nucleus. Within the nucleus, phosphorylation at Serl33 might 
affect the ability of CREB to dimerize with different bZIP partners, or phospho- 
rylation at Serl 33 might promote CREB binding to the CRE. Finally, phosphory- 
lation at Serl33 might lead to transcriptional activation by promoting interaction 
with components of the basal transcription machinery, such as TFIID and RNA 
polymerase II (Pol II), or other factors. There is evidence for and against each of 
these regulatory mechanisms and these findings suggest which particular mecha- 
nisms are most likely to contribute to phos-phorylation-dependent activation 
of CREB. 

Regulation of Protein Stability 

Phosphorylation has been shown to affect stability of certain transcription factors, 
such as c-Jun, by decreasing their ubiquitin-dependent degradation (56). However, 
CREB activates stimulus-dependent transcription within 30 min, while immunoblot 
analysis shows that the total level of CREB is unchanged even after several hours 
(57-59). Therefore, it is unlikely that any effect on CREB turnover alone can 
account for the rapid kinetics of CREB-dependent transcriptional induction. 

Regulation of Subcellular Localization 

The nuclear localization signal of CREB maps to a basic nine- residue stretch 
within the DNA-binding domain (60). For some transcription factors, phos- 
phorylation regulates nuclear localization (61). For example, in yeast phosphory- 
lation of the transcription factor, PH04 blocks its ability to interact with nuclear 
import proteins (61a), resulting in its cytoplasmic retention and the inhibition of 
target gene transcription (61b). Immunostaining of cells and immunoblotting of 
subcellular fractions show that CREB is almost exclusively nuclear in both 
unstimulated and stimulated cells (60, 62, 63). However, the existence of rare 
alternatively-spliced variants of CREB that lack the bZIP domain and are not 
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localized to the nucleus raises the possibility that they may have some role in the 
cytoplasm (24, 26). One study has shown that CREB can be localized in the den- 
drites of neurons, well away from the nucleus (64), raising the possibility that 
stimulation of the dendrites (by neurotransmitter release from the presynaptic 
neuron) could trigger CREB translocation to the nucleus. 

Regulation of Dimerization 

Although one report has suggested that protein kinase C (PKC) phosphorylation 
of CREB regulates its dimerization (41), there remains no compelling evidence 
that homodimerization of CREB is affected by phosphorylation. However, indi- 
rect evidence suggests that different stimuli may lead to association of CREB with 
other bZIP partners. For example, when a plasmid encoding a Gal4-CREB fusion 
(containing a fusion of full-length CREB protein with the dimerization and DNA- 
binding domain of the yeast transcription factor Gal4) is transfected into cells 
along with a Gal4-dependent reporter gene (a plasmid containing Gal4-binding 
sites in its promoter), the Gal4 fusion protein activates Gal4 transcription effec- 
tively in response to a calcium (Ca 2+ ) stimulus, but only when the CREB leucine 
zipper is intact (57, 65). This result suggests that although Gal4-CREB forms a 
homodimer via the dimerization domain provided by Gal4, the leucine zipper of 
the CREB fusion may need to associate with an endogenous leucine zipper- 
containing protein to activate transcription in response to a Ca 2 " 1 " stimulus. The 
endogenous leucine zipper protein could be ATF-1 or CREM, both of which can 
heterodimerize with CREB, as mentioned above. However, stimulus-induced het- 
erodimerization of CREB with either of these two factors has not been reported. It 
is conceivable that CREB heterodimerizes with a bZIP factor distinct from either 
the Fos/Jun or the CREB families. This factor, NF-IL6 (also referred to as 
C/EBPp), may be a CREB partner whose interaction with CREB is induced by 
extracellular stimuli. In response to elevated levels of cytoplasmic Ca 2+ , NF-IL6 
becomes phosphorylated at a serine within its leucine zipper (66), which may pro- 
mote NF1L6/CREB heterodimerization because CREB/NF-IL6 heterodimers have 
been observed after other stimuli (67). 

Regulation of DNA Binding 

The K d of the CREB-CRE interaction has been reported to range from 1 to 180 
nM. One parameter in particular that affects the affinity of CREB for its cog- 
nate DNA element is the exact sequence of the CREB-binding site. In one study 
using an electrophoretic mobility shift assay, CREB bound to a symmetric CRE 
(from the somatostatin gene) with >10-fold-higher affinity than to an asym- 
metric CRE (from the tyrosine aminotransferase gene) (68). CREB Serl33 
phosphorylation did not change the affinity of CREB for the somatostatin CRE, 
but greatly increased the affinity of CREB for the tyrosine aminotransferase 
(TAT) CRE. Genomic foot-printing has also revealed that elevated levels of 
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cAMP increase occupancy of the TAT CRE in vivo (69). Another study, using a 
fluorescent electrophoretic-mobility shift assay, found that CREB binds with 
10-fold greater affinity to a symmetric CRE than to an asymmetric CRE, but 
phosphorylation of Serl33 doubled the binding affinity to both targets (70). A 
subsequent study, using fluorescence anisotropy, suggests that phosphorylation 
at Serl33 has no effect on the affinity of CREB for the Z^TCRE in vitro (71). 
Several other studies have also failed to detect phosphorylation-induced 
changes in the CREB/DNA interaction, with respect to both the somatostatin 
CRE and other CREB-binding elements, such as the Tax-responsive element 
(63, 72). Hydrodynamic analysis shows that CREB is primarily monomeric in 
solution, that CREB dimer formation is strongly promoted by the presence of 
CRE DNA, and that this dimerization is independent of phosphorylation (73, 
74). It is unclear why different laboratories have reached such disparate con- 
clusions. The concentration of CREB in the nucleus of PC 12 cells has been 
calculated to be -400 nM (63). At this concentration the high-affinity CREs 
would be predicted to be nearly saturated and thus even if Serl33 phosphoryla- 
tion increases DNA-binding affinity, little effect would be expected. In con- 
trast, weaker CREB-binding sites might have much less CREB bound, and 
theoretically Serl33 phosphorylation might stimulate transcription by increas- 
ing the frequency of occupancy (68). 

Regulation of Transcriptional Activity 

As discussed above, CREB can activate transcription in response to a stimulus 
when recruited to a promoter through a heterologous DNA-binding domain (65). 
Thus, CREB activity is regulated primarily by processes other than DNA-bind- 
ing. Serl33 is located within a 60-residue region of CREB, called the kinase- 
inducible domain (KID) (Figure 2). The KID (residues 100-160) element 
encompasses multiple potential phosphorylation sites for various protein kinases 
(75). The KID is both necessary and sufficient for signal-induced activation of 
CREB: A Gal4-K1D fusion that lacks all other domains of CREB still activates 
transcription in response to various stimuli (76, 77) and deletion of specific 
regions within the KID greatly diminishes stimulus-induced activation (75, 77). 

How does phosphorylation of the KID result in transcriptional activation? To 
search for factors that associate with CREB in a phosphorylation-dependent man- 
ner, a human thyroid cDNA expression library was screened with 32 P-labeled 
CREB and a protein was isolated that specifically bound to Serl33-phosphory- 
lated CREB (78). This factor, CREB-binding protein (CBP), is a 265-kDa nuclear 
protein that associates with phosphorylated CREB through a region at the N ter- 
minus of CBP known as the KID interaction (KIX) domain (78). The core KIX 
domain is a 94-residue sequence (positions 586-679) (79). The same residues of 
KID most critical for transcriptional activation by CREB (positions 140 to 160) 
are also required for interaction of CREB with the KIX domain of CBP, suggest- 
ing that CBP binding is important for CREB activity. 
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Other data support the idea that CBP is critical for stimulus-induced activa- 
tion of CREB: (a) coexpression of CBP increases stimulus-induced CREB tran- 
scription of a CRE reporter gene, an effect that is lost when Serl33 is mutated 
to an alanine (80); (b) microinjection of cells with neutralizing anti-CBP anti- 
bodies inhibits cAMP-induced activation of a CRE reporter gene (81); and (c) 
microinjection of a KIX peptide into cells inhibits stimulus-induced activation 
of a CRE reporter gene, presumably because the KIX peptide competes with 
CBP for interaction with CREB (79). The KID/KIX interaction may not be suf- 
ficient for CREB-mediated transcription because it is possible to mutate a par- 
ticular residue within the CREB KID and inhibit transcriptional activation 
without affecting CBP binding (82). 

Structure of Serl33-phosphorylated CREB KID complexed to the CBP KIX 
domain has been solved using NMR spectroscopy and suggests how phosphory- 
lation promotes association (83). In the absence of phosphorylation or of bind- 
ing to the CBP KIX domain, the KID of CREB is not highly ordered. However, 
when phosphorylated at Serl33 and bound to the KIX domain of CBP, the KID 
assumes a structure consisting of two a-helices that kink close to the phosphory- 
lation site at Serl33 (Figure 3). The helix C terminal to the kink is bound tightly 
within a hydrophobic pocket created by a palisade of three a-helices of the KIX 
domain. This hydrophobic interaction presumably contributes significantly to 
the KID/KIX domain interaction because functional data show that the corre- 
sponding segment of CREB (residues 140-144) is critical for transcriptional 
activation in vivo (75, 84). 

CBP shares extensive sequence similarity throughout its length with another 
protein, termed p300, which was initially characterized as an adenovirus El A- 
associated protein (85-87). Although CBP and p300 have very similar actions 
in mediating CREB function, the use of ribozymes to inhibit production of 
p300 or CBP in vivo has revealed functional distinctions between these two 
co-activators at the level of target gene expression (88). Moreover, cAMP- 
mediated activation of CRE-dependent gene expression is not reduced in 
fibroblasts derived from p300-deficient mice, suggesting that association of 
p300 with Serl33-phosphorylated CREB is not required for CREB activity in 
every cell type (89). 



CBP ACTIVATION OF CREB 

Transcriptional Adaptor 

Evidence suggests that CBP serves as a molecular bridge that allows upstream 
transcription factors, such as CREB, to recruit and stabilize the RNA poly- 
merase II (Pol II) transcription complex at the TATA box. In this regard, CBP 
shares regions of sequence similarity with other proteins known to function as 
transcriptional adaptors. In particular, CBP contains a cysteine-rich, zinc finger 
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Figure 3 Ribbon diagram of the interaction between the phosphorylated KID do- 
main of CREB and the KIX domain of CBP. The NMR-deduced structure of the KIX 
domain of CBP (turquoise) bound to the Serl33-phosphorylated KID domain of 
CREB (pink). The KIX domain comprises residues 586-666 of mouse CBP, whereas 
the structured region of the KID domain comprises residues 1 19-146 of CREB. The 
phosphoserine residue is shown in ball-and-stick representation. The KID domain 
undergoes a folding transition on binding to KIX, forming two a-helices in the 
process. The C-terminal helix of KID binds to a hydrophobic surface formed by he- 
lices ot-1 and a-3 of KIX. Diagram courtesy of P Wright and I Radhakrishnan. 

domain homologous to a region found in the yeast Ada2 protein, an adaptor 
that physically links yeast transcriptional activators to the general transcrip- 
tional machinery (90, 91). CBP also has a bromodomain, a region found in 
other transcriptional adaptors, such as the TATA box-binding protein (TBP)- 
associated factor, TAF n 250, and the Drosophila and mammalian homologs 
of yeast Swi2/Snf2 protein (92, 93). The idea that CBP acts as a transcriptional 
adaptor linking Serl33-phosphorylated CREB to the basal transcription 
machinery is supported by biochemical evidence. CBP cofractionates with 
Pol II during ion-exchange and gel-filtration chromatography of HeLa cell 
nuclear extracts, and both CBP and Pol II co-immunoprecipitate with Serl33- 
phosphorylated CREB (94). Pol II recruitment to the CREB/CBP complex 
requires that the KID be phosphorylated, and in vitro experiments suggest that 
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the Serl33-phosphorylated KID is both necessary and sufficient for Pol II 
recruitment in vitro (95). In addition to the KIX domain, a specific C-terminal 
region of CBP (the C/H3 domain) is required for interaction with Pol 11. 
Although CBP can associate with Pol II directly (96), in vivo interaction may 
be indirect. Screening of a cDNA expression library with the C/H3 domain of 
CBP identified a factor, RNA helicase A (RHA), that binds to the C/H3 domain 
of CBP and appears to mediate its interaction with Pol II (97). All three fac- 
tors — CBP, RHA, and Pol II — were found to coimmunoprecipitate with each 
other from whole-cell extracts. Moreover, coexpression of both RHA and CBP 
greatly enhances the ability of PKA-stimulated CREB to activate transcription. 
Thus, phosphorylated CREB uses two bridging proteins, CBP and RHA, to sta- 
bilize its interaction with Pol II (Figure 4). 

Effects on Chromatin 

In addition to recruiting Pol II, CBP also contributes to CREB-mediated tran- 
scription by affecting chromatin structure. CBP possesses an intrinsic histone 




Figure 4 Multiple domains of CREB contribute to transcriptional activation. Dif- 
ferent domains of CREB bind distinct coactivators and basal transcription factors to 
activate transcription. Shown is a CREB dimer bound to its cognate CaRE/CRE ele- 
ment on the promoter of a CREB target gene. Downstream of the CaRE/CRE is the 
TATA box, which binds the multiprotein TF1ID basal transcription factor (via the 
TBP protein). Another factor within TFIID, TAF130, binds to the Q2 domain of 
CREB. The Q2 domain of CREB has also been shown to interact with TFIIB, which 
is a part of the basal transcription machinery as well. A distinct domain of CREB, the 
KID, contributes to signal-induced transcriptional activation. When phosphorylated 
at Serl33, the KID of CREB can bind to the KIX domain of the CBP. It is presently 
unclear whether CBP associates with Serl 33-phosphorylated CREB as a dimer. 
CBP associates indirectly with Pol II via the RNA helicase A (RHA) protein. There- 
fore, recruitment of CBP to Serl 33-phosphorylated CREB results in recruitment 
and stabilization of Pol II on the promoter of CREB target genes, whereas the Q2 
domain interacts with other elements of the basal transcription machinery that are 
required for transcription, such as TFIID and TFIIB. 
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acetyltransferase (HAT) activity and associates with another HAT-containing 
factor termed p/CAF (98-100). By catalyzing acetylation of lysine residues in 
the N-termini of histones, CBP and p/CAF alter chromatin structure in a fashion 
believed to make the DNA template more accessible to the transcriptional machin- 
ery (101). The mechanism through which this occurs has not yet been clearly elu- 
cidated. Microinjection studies using function-blocking antibodies followed by 
complementation with expression vectors that direct the overexpression of the req- 
uisite protein have suggested that the intrinsic HAT activity of CBP, but not p/CAF, 
is required for CRE-dependent transcription in vivo (102). Thorough understand- 
ing of the requirement for chromatin modifying factors to achieve CREB- 
dependent transcription awaits more precise perturbation of the HAT activities of 
CBP and p/CAF, so that the effects of these disruptions on chromosomal gene 
expression (as opposed to extrachromosomal reporter genes) can be examined. 

Relevance to Normal Development and Disease 

CBP is important for both development and proliferation. In humans, loss-of- 
function mutations in one allele of CBP result in Rubinstein-Taybi syndrome, a 
syndrome characterized by mental retardation, broad thumbs, and increased risk 
of the proliferative disorder known as keloids (103). Certain skeletal anomalies 
seen in Rubinstein-Taybi syndrome are also observed in mice heterozygous for 
CBP (CBP+/-) (104). Since CBP associates with a large number of transcription 
factors in addition to the CREB family (105), it is difficult to conclude at the pre- 
sent time if the effects of mutating CBP on development reflect a perturbation of 
CREB-mediated events and/or disruption of the expression of other genes. 

FUNCTIONAL CONTRIBUTIONS OF OTHER 
DOMAINS OF CREB 

The KID is clearly able to function as an independent module in mediating a 
stimulus-induced transcriptional response (76, 77). However, the level of the 
transcriptional response is modest unless other domains of CREB are also pre- 
sent (75). In particular, a different region of CREB has been identified as impor- 
tant for CREB activity under circumstances where CREB functions as a regulator 
of transcription in the absence of a stimulus (76, 77). This glutamine-rich domain 
(referred to as the Q2 or CAD) encompasses residues 165-252 of CREB (see 
Figure 2) and is necessary for basal, but not signal-induced, activation (106). The 
Q2/CAD domain physically interacts with components of the general Pol II 
transcription machinery, including TFIIB and the TAF U 130 subunit of TFIID 
(107, 108). TAF„130 has been shown to be required for CREB-mediated tran- 
scription in vitro (95). Interestingly, the transcription factor, Spl, associates with 
the Drosophila homolog of TAF n 130, dTAF n 110, through a hydrophobic patch 
in Spl that is very similar to a sequence within the Q2/CAD of CREB (109). 
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This similarity suggests that domains related to Q2/CAD may play a more gen- 
eral role in the recruitment of TFIID during formation of the Pol II transcription 
complex. A glutamine-rich region (Ql) within the N terminus of CREB also con- 
tributes to CREB's transcriptional activation potential, although the magnitude 
of this contribution is modest (75, 77). 

ATF- 1 differs from CREB throughout most of its N terminus, and, therefore, 
ATF-1 contains no Ql-like domain (33). However, ATF-1 shares extensive 
homology to CREB throughout most of its C terminus, including the Q2/CAD 
region. The active CREMt isoform is highly homologous to almost the entire 
CREB protein, including both Ql and the Q2/CAD (35, 36). By contrast, the 
repressor iso forms of CREM have no similarity to either the Ql or Q2 regions of 
CREB, further supporting the conclusion that Ql and Q2 are important for tran- 
scriptional activation. 

The findings discussed above indicate that the KID and factors such as CBP 
that associate with the KID synergize with other CREB domains to mediate 
robust transcriptional activation. What is particularly interesting is the modular 
nature of this synergy: The two modules (KID and Q2/CAD) need not be part of 
the same molecule — they are able to cooperate in trans. This synergy was shown 
by coexpression of a Gal4-KID fusion protein with another Gal4 fusion protein 
containing the Q2/CAD (76). In fact, the KID can cooperate with constitutive 
activator domains from unrelated transcription factors, such as yeast Gal4 and 
Gcn4. These findings confirm that CREB uses multiple mechanisms to interact 
with and stabilize the Pol II transcriptional machinery. While the KID recruits 
Pol II activity via its interaction with CBP, additional basal factors recruited 
through other domains of CREB are also needed to stabilize TFIID and induce 
optimal transcriptional response (Figure 4). 



TOOLS FOR EXAMINING CREB ACTIVATION 
AND FUNCTION 

Phospho-Specific Antibodies 

The ability to monitor easily phosphorylation of CREB at Serl 33 in vitro and in 
vivo has proved to be important in identifying the signaling pathways that trigger 
CREB phosphorylation and activation, and has been provided by the development 
of antibodies specific for Serl33-phosphorylated CREB (phospho-CREB) (62, 
63). Anti-phospho-CREB antibodies have numerous advantages over phospho- 
peptide analysis, the alternative method for determining the in vivo phosphor- 
ylation state of proteins. In addition to avoiding the use of 32 P, which may be a 
cellular stress due to radiation-induced damage, use of anti-phospho-CREB anti- 
bodies allows for convenient determination of the phosphorylation status of 
Serl 33 under different circumstances. Whereas phosphopeptide analysis requires 
cell lysis, phospho CREB antibodies can be used in immunocytochemistry assays 
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for analysis of CREB phosphorylation at the single-cell level in both cultured 
cells and tissue sections from animals (62). 

Dominant-Negative Mutants 

The use of dominant interfering mutants of CREB has facilitated investigation of 
the involvement of CREB in gene induction in response to any given intracellular 
signaling pathway. To date, three dominant interfering CREB mutants have been 
used: non-phosphorylatable SI 33 A, referred to as Ml CREB (54); a K287L, within 
the DNA-binding domain of CREB A,. referred to as K-CREB (110); and, a mutant 
in which basic residues within the bZIP domain have been mutated to acidic 
residues, referred to as A-CREB (1 1 1). Ml , although unphosphorylatable (54), can 
still bind to the CRE. Thus, Ml inhibits CREB action by occupying the CRE and 
preventing access by CREB and other CRE-binding factors. K-CREB is unable to 
bind to the CRE, but is able to dimerize with itself and endogenous wild-type 
CREB. Thus, K-CREB blocks gene activation by titrating endogenous CREB fam- 
ily members and preventing their interaction with the CRE. A-CREB also func- 
tions by heterodimerizing with endogenous CREB family members and preventing 
their interaction with the CRE ( 1 1 1 ) . Its acidic patch is thought to mimic DN A and 
bind to the basic region of a wild-type CREB partner, thereby preventing its bind- 
ing to the CRE. Heterodimers of A-CREB and wild-type CREB are orders of mag- 
nitude more stable than homodimers of either CREB or A-CREB, thereby ensuring 
that, within a cell, A-CREB and CREB will interact preferentially. 

Although each of these CREB mutants can inhibit the function of endogenous 
CREB, their mechanisms of action may produce undesired side effects. For 
example, overexpression of Ml may result in its binding to sequences that are 
not normally occupied by endogenous CREB, so that not all genes whose expres- 
sion is inhibited will be bona fide CREB targets. K-CREB and A-CREB have the 
advantage that they function off the DNA and therefore will most likely not 
occlude binding of transcription factors near the CRE. On the other hand, because 
CREB, ATF-1, and CREM share almost identical bZIP domains, K-CREB and 
A-CREB and even Ml, when overexpressed, would be expected to interfere with 
both ATF-1- and CREMT-dependent transcription. The use of mutants that act 
by different mechanisms eliminates some of these problems and permits assess- 
ment of the role of CREB in particular cellular responses. 



SIGNALING AND CREB 

Many agents, including neurotransmitters and hormones, act to increase the intra- 
cellular level of cAMP. Typically, such a ligand binds to its cognate receptor, 
most often of the seven-transmembrane domain class of receptors (111a). Ligand 
binding to the receptor leads to the activation of a coupled heterotrimeric G- 
protein, whose activated subunits stimulate one or more of the adenylyl cyclase 
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isoforms, the enzymes catalyzing cAMP production (112). Production of c AMP 
is counteracted by the action of phosphodiesterases, the enzymes that cleave 
cAMP. In most cells, the primary target of cAMP is the cAMP-dependent protein 
kinase (PKA). In the absence of cAMP, PKA consists of an inactive heterote- 
tramer of two catalytic subunits bound to two regulatory subunits (113). Upon 
binding cAMP, the regulatory subunits dissociate and release the catalytic sub- 
units, which are now free to phosphorylate target proteins. The released catalytic 
subunits may also translocate to the nucleus (63), and the best characterized 
nuclear substrates of PKA are CREB family members (Figure 5). Pharmacologi- 
cal studies with PKA inhibitors implicated PKA as the mediator of cAMP's 
effects on gene expression. In particular, PKA was shown to be required for 
forskolin induction of transcription of somatostatin promoter-driven reporter 
genes (15). PKA activation of the somatostatin promoter required an intact CRE, 
thus implicating CREB as a mediator of the effects of PKA. Subsequent studies 
have identified a wide range of genes induced by elevated levels of cAMP 
through a PKA/CRE-dependent mechanism (10). 

Kinetics of CREB Activation and Inactivation 

The kinetics of PKA translocation to the nucleus, CREB Serl33 phosphorylation, 
and somatostatin transcriptional activation support the hypothesis that forskolin 
induces somatostatin transcription via PKA phosphorylation of CREB. In PC 12 
cells exposed to forskolin, the PKA catalytic subunits accumulate in the nucleus 
within 15-30 min (63). This timing closely parallels the observed appearance of 
somatostatin transcription (114). Phosphorylation of CREB at Serl33 also pro- 
ceeds with similar kinetics. The purified catalytic subunit of PKA phosphorylates 
CREB at Serl33 in vitro with K m = 4.7|x M and V max = 0.82 (xmol min" 1 mg" 1 
(115). CREB phosphorylated in vitro by PKA can stimulate CRE gene expression 
when microinjected into fibroblasts (116). Taken together with the finding that 
mutation of CREB Serl33 to alanine blocks PKA stimulation of CREB-dependent 
transcription, it demonstrates that PKA phosphorylation is required for CREB 
activity. However, these experiments do not rule out that additional modifications 
of CREB might also be necessary for the full cAMP response. 

Most cAMP-regulated genes are induced transiently (1 14, 1 17). For example, 
somatostatin transcription peaks 30 min after forskolin treatment and declines to 
baseline levels within 4 hours. Dephosphorylation of Serl33 parallels the shutoff 
of somatostatin transcription (114). Several serine/threonine phosphatases could 
mediate dephosphorylation of Serl33 (118). Two okadaic-acid-sensitive phos- 
phatases, protein phosphatase- 1 (PP- 1 ) in PC 1 2 cells ( 1 1 4) and protein phosphatase 
PP-2A in HepG2 cells, have been reported to be CREB phosphatases (114,119). 

Other mechanisms contribute to regulation of CREB phosphorylation. For a 
prolonged period, starting several hours after stimulation and lasting for up to 
several days, there is a refractory period during which cAMP is unable to reacti- 
vate transcription of target genes (120, 121). This period corresponds to down- 
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Figure 5 Activation of CREB by the cAMP/PKA signaling pathway. Hormones 
and neurotransmitters can raise intracellular cAMP levels by binding to receptors 
that activate heterotrimeric G-proteins (G). G-proteins then directly activate adeny- 
lyl cyclase, which catalyzes the production of cAMP. The cAMP leads to the activa- 
tion of PICA. In the absence of cAMP, PICA consists of a tetramer of two catalytic 
subunits of PICA (PKA C ) bound by a dimer of two regulatory subunits (PKA R ). In 
this form, the PKA C subunits are inactive. When intracellular cAMP levels are ele- 
vated, four molecules of cAMP bind to the dimer of PKA R , releasing active PKA C . 
Active PKA C then translocates to the nucleus (dashed line) where it phosphorylates 
CREB at Ser 133. 



regulation of PKA catalytic subunit expression and can be reversed by exoge- 
nously introduced PKA (121). Other studies have shown that the duration of the 
refractory period correlates with the length of pretreatment with the initial stimu- 
lating agent and have suggested that the refractory period results, in part, from 
induction of repressors, including an isoform of CREM, termed ICER (inducible 
cAMP early repressor) (122). 

The duration of Serl33 phosphorylation determines the efficacy with which 
CREB induces gene expression. In a subtype of striatal neurons, stimulation with 
a cAMP-activating neurotransmitter, dopamine, evokes Serl33 phosphorylation 
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that is maintained even 30 min post-stimulation (123). In other subtypes of stri- 
atal neurons, however, cAMP signals induce more transient phosphorylation of 
CREB such that Serl33 is already dephosphorylated within 15 min of the initial 
stimulus. In neurons where Serl33 phosphorylation is sustained, the CREB tar- 
get gene, c-fos, is induced. By contrast, in neurons where Serl33 is transiently 
phosphorylated, c-fos is not induced (123). Duration of CREB phosphorylation 
in striatal neurons appears to be determined by the presence of a particular factor, 
dopamine and cAMP-regulated phosphoprotein (DARPP-32). Only DARPP- 
32-expressing cells exhibit prolonged CREB phosphorylation. DARPP-32 is 
activated when phosphorylated by PKA and, once phosphorylated, inhibits PP-1 
(118). Thus, presence of DARPP-32 enables a cell to respond to cAMP by sus- 
tained CREB phosphorylation. 

Cooperative Interactions with Other Transcription Factors 

Under some circumstances, recruitment of CREB is sufficient to confer a cAMP- 
responsiveness to a heterologous promoter. In PC 12 cells, a Gal4-CREB fusion 
protein can confer forskolin-responsiveness to a Gal4 reporter gene (65). However, 
in other cell types, CREB requires the presence (or removal) of additional pro- 
moter-bound factors to activate transcription. Although CREB is required for 
cAMP-induced activation of the phosphoenolpyruvate carboxykinase (PEPCK) 
gene (124), recruitment of CREB to the PEPCK promoter via a heterologous Gal4- 
CREB fusion is insufficient for PKA-activated transcription unless other upstream 
promoter elements are present, including binding sites for the bZIP factor C/EBP 
and the Fos-Jun activator protein 1 (AP-1) complex (124, 125). Interestingly, one 
study showed that recruitment of multiple Gal4-CREB molecules to the promoter 
bypassed the requirement for upstream cooperating factors, suggesting that these 
upstream factors may function to enhance or magnify an inherent activation func- 
tion of CREB (124). However, in another study using a different cell line, recruit- 
ment of multiple Gal4-CREBs in the absence of upstream elements resulted in only 
modest or no transcriptional activation by cAMP (125). In this case, the findings 
imply that upstream factors cooperate with CREB to activate transcription through 
a mechanism that is somehow distinct from the way CREB activates alone. 

Regulation of ATF-1 and CREM 

Although CREM and ATF-1 share extensive similarity with CREB throughout the 
KID (Figure 6), including the PKA consensus site (RRPS), these two factors differ 
significantly from CREB in their ability to activate transcription in response to 
cAMP (32-34). When fused to Gal4 and tested for ability to activate a Gal4-driven 
reporter, ATF-1 was found to respond only weakly to cAMP. The minimal 
response that was detected required the presence of the leucine zipper domain, 
suggesting that in this context, Gal4-ATF- 1 interacts with an endogenous bZIP 
protein, possibly CREB, to activate transcription (47, 126, 127). Although iso- 
forms of CREM such as a, B, and 7 contain a KID, they function not as activa- 
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tors, but as repressors of PKA-induced CREB and PKA-induced CRE transcrip- 
tion (34). Presumably, this situation arises because they lack the flanking constitu- 
tive activation domains (Ql and Q2/CAD) present in CREB. Interestingly, 
phosphorylation by PKA within the CREM KID results in a slight decrease in 
CREM repression, suggesting a role for the KID in CREM function (35). In addi- 
tion, just as the KID of CREB can cooperate with other transcription factor acti- 
vation domains in trans to achieve high levels of stimulus-induced transcription, a 
repressor isoform of CREM can also be converted into an activator by recruiting 
another constitutive activation domain to the promoter. For example, co-expres- 
sion of a Gal4-CREMoi fusion with a LexA-Gcn4 fusion led to high levels of PKA 
inducibility of a reporter gene containing LexA and Gal4 binding sites within its 
promoter (76). In addition, CREMt, which contains a KID and flanking activation 
domains homologous to Ql and Q2/CAD, and is thus very similar to CREB, func- 
tions as a transcriptional activator in response to PKA (36). 

Taken together, these results suggest that the KID, although necessary for 
PKA inducibility, is not sufficient and emphasize the importance of other struc- 
tural domains in CREB and its other family members. 



GROWTH FACTORS AND CREB 

Identification of CREB as a Growth Factor-Inducible 
Transcription Factor 

Initially, CREB was thought to be fairly selective in mediating transcriptional 
responses restricted to extracellular stimuli that elevate cAMP. In particular, 
CRE-driven reporter genes are unresponsive to growth factors that activate recep- 
tor-tyrosine kinases (128). However, use of anti-phospho-CREB antibodies 
revealed that CREB does become phosphorylated at Serl33 when cells are stim- 
ulated by a wide range of extracellular stimuli, including many growth factors 
(129, 130). This observation suggested that CREB might be involved in some 
way in growth factor-stimulated gene expression, even though a CRE alone was 
not sufficient to mediate growth factor induction. In the context of the c-fos pro- 
moter, mutation of the CREB-binding sites substantially reduced growth factor 
induction of c-fos transcription (129), indicating that CREB could contribute to 
the growth factor response. Additional work (57, 129) revealed that CREB plays 
a critical role in mediating growth factor induction of c-fos gene transcription, 
and showed that this induction occurs in a Serl33-dependent manner. 

Growth Factor-Inducible CREB Kinases 

Fractionation of nuclear extracts from nerve growth factor (NGF)-treated PC 1 2 
cells identified a 105-kDa NGF-stimulated protein kinase that phosphorylates 
CREB at Serl33 (129). Exhaustive purification and sequence analysis pinpointed 
the NGF-inducible kinase as RSK2, a member of the pp90 ribosomal S6 kinase 
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Figure 6 Comparison of the KID regions of CREB, c AMP response element mod- 
ulator (CREM), and activating transcription factor 1 (ATF-1). Amino acid residues 
120-159 of the KID of CREBa are shown in comparison with the homologous re- 
gions ofCREMT (104-143) and ATF-1 (50-89). The Serl33 and Ser 142 of CREB 
are indicated, as well as the corresponding serines in CREMt and ATF-1. The yellow 
box shows the high degree of identity between CREB, CREM, and ATF-1 in the re- 
gion corresponding to amino acids 130-145 of CREBa. The asterisks within the yel- 
low box indicate nonidentical residues. The gray box shows the homology between 
CREB and CREMt in the region corresponding to amino acids 120-159 of CREBa, 
with asterisks indicating nonidentical residues. 



(pp90 RSK ) family of serine/threonine kinases (131). Although pp90 RSK was first 
detected in extracts from growth factor-treated cells as a kinase that catalyzed phos- 
phorylation of ribosomal protein S6, further studies indicated that the pp90 RSK 
family does not phosphorylate S6 in cells (132). Rather, a primary function of the 
pp90 RSK family is to phosphorylate transcription factors such as CREB. NGF 
stimulation of target cells activates the NGF receptor, TrkA, which, via stimula- 
tion of guanine-nucleotide exchange factors (GEFs), such as Sos, activates the 
small G protein, Ras (Figure 7). Activated Ras interacts with and stimulates the 
Ser/Thr kinase, Raf, which triggers, sequentially, activation of the dual-specificity 
kinase, MEK, and its targets, the ERK1/2 members of the MAPK family of 
Ser/Thr kinases (133). One substrate of the ERKs is the ribosomal protein SG 
kinase of 90 kDa (RSK). On activation, both ERKs and RSKs translocate to the 
nucleus where RSKs can phosphorylate CREB at Serl33 (131, 134). Although 
RSK2 was identified as the NGF-inducible CREB kinase, further analysis revealed 
that all three RSK family members (RSK1-3) are activated by NGF, and that all 
can phosphorylate CREB at Serl33 in vitro and in vivo (135). Thus, all three 
RSKs likely contribute to growth factor-induced CREB phosphorylation. Whether 
a particular pp90 RSK mediates a growth factor response will depend on its level 
of expression. In addition to activating ERK and RSK, NGF treatment of PC 12 
cells also activates the p38 MAPK pathway (135). The p38 MAPK is activated by 
the upstream kinase, MKK6 (136), and catalyzes the phosphorylation and activa- 
tion of two kinases, MAPKAP-K2 and MAPKAP-K3 (137, 138). MAPKAP-K2 
was recently found to phosphorylate CREB, and through the use of pharmacolog- 
ical agents that selectively inhibit either the ERK (139) or p38 MAPK (140) path- 
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Figure 7 NGF-activated signaling pathways leading to CREB Serl33 phosphoryla- 
tion. Dimers of NGF bind to and activate the NGF receptor TrkA. Activated TrkA, 
via the Grb2/Shc adaptor complex (not shown) activates the guanine-exchange factor 
Sos, which leads to the subsequent activation of Ras and the downstream kinases 
Raf, MEK, and the MAPKs ERK1/2. Activated ERKs stimulate the activity of RSKs 
(RSK1-3), which then translocate to the nucleus and phosphorylate CREB at Serl33. 
ERKs can also translocate into the nucleus themselves to activate the kinase MSK1, 
which phosphorylates CREB at Serl33. Activated TrkA can also induce the activity 
of MKK6, a MEK-like kinase which directly activates the p38 MAPK. The p38 can 
activate MSK1 as well as activate the kinases MAPKAP-K2/3, and both MSK1 and 
MAPKAP-K2/3 can phosphorylate CREB at Serl33. The mechanisms by which 
TrkA activation leads to MKK6 activation are presently unclear. It is also not known 
whether MAPKAP-K2/3 are activated in the cytoplasm or in the nucleus. Dashed 
lines indicate translocation from the cytoplasm to the nucleus. 
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Figure 8 cAMP response element-binding protein (CREB) cooperates with other 
factors in activating transcription in response to NGF. NGF induces CREB Serl33 
phosphorylation, which functions to recruit coactivator molecules such as CBP (see 
Figure 4). However, NGF activation of c-fos transcription requires promoter ele- 
ments in addition to the CRE. Specifically, factors bound to the upstream SRE ele- 
ment are required for robust c-fos transcription. CREB may cooperate with a tran- 
scription factor complex bound to the SRE. This complex is composed of an SRF 
dimer and the associated factor p62 TCF (p62), which becomes newly phosphorylated 
in response to NGF stimulation. Phosphorylated p62 TCF and/or SRF may directly 
associate with proteins such as CBP to stabilize these coactivators on the promoter. It 
is also possible that SRE-bound factors such as p62 TCF and SRF might interact with 
an as yet unidentified factor(s) (light-blue circle with question mark) to stabilize CBP 
on the promoter. 



ways, it was shown that both of these pathways (via RSKs and MAPKAP-Ks) 
contribute to NGF activation of CREB phosphorylation (Figure 8; 135). MAP- 
KAP-K2 has also been shown to mediate fibroblast growth factor (FGF) induction 
of CREB phosphorylation (141). Yet another new relative of pp90 RSK , termed 
MSK1, which is activated by both the ERKs and p38 MAPK, appears to also be a 
CREB kinase (142). Although it seems that many kinases can potentially phos- 
phorylate CREB at Serl33 in growth factor-stimulated PC 12 cells, evidence 
strongly implicates RSK2 as the primary CREB kinase in EGF-stimulated fibro- 
blasts. In fibroblasts derived from patients with Coffin-Lowry syndrome, which 
lack RSK2 activity due to a mutation in the RSK2 gene (143), EGF-induced CREB 
phosphorylation and c-fos expression are greatly diminished (144). 
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CREB Cooperates with Other Factors to Mediate 
a Response to Growth Factors 

A unique feature of CREB involvement in growth factor signaling is that, under 
most circumstances, CREB is incapable of conferring a response in the absence of 
cooperating factors. The most well-studied growth-factor-inductible locus is the 
immediate-early gene (IEG), c-fos (1). In PC12 cells, mutating the serum response 
element (SRE) in the c-fos promoter (but leaving the CREB binding sites intact) 
abolishes growth factor induction (57). To activate c-fos transcription in response 
to growth factors in PC 12 cells, CREB requires that serum response factor (SRF) 
be bound to the SRE (57). Because CREB becomes phosphorylated at Serl33 in 
growth factor-simulated cells, phosphorylation at Serl33 is not sufficient for CREB 
activation in the absence of CREB interaction with other promoter-bound factors 
(129). Thus, at certain promoters, CRE-bound factors must cooperate with SRE- 
bound factors to activate transcription in response to growth factor signals (Figure 
8). Other transcription factors that mediate growth factor responses at SREs, such 
as SRF or p62 TCF (another SRE-binding protein), may be required for efficient 
recruitment of CBP to the promoter (Figure 8). Consistent with this possibility, 
CBP interacts with p62 TCF family members in vitro and enhances their ability to 
activate transcription in vivo (145). Under some circumstances, CREB may be 
capable of conferring a robust growth factor response in the absence of cooperat- 
ing factors. In primary cortical neurons, the growth factor brain-derived neu- 
rotrophic factor (BDNF) stimulates both Ca 2+ /calmodulin-dependent kinase IV 
(CaMKJV) (Figure 9) and the Ras-MAPK cascade, leading to CREB phosphoryla- 
tion at Serl33 and activation of CREB-dependent transcription (57, 146). 

Growth Factor Inhibition of CREB-Mediated Transcription 

Why might CREB under certain circumstances require the presence of other pro- 
moter-bound transcription factors? Perhaps certain signals initiated by growth 
factor stimulation interfere with CREB-CBP association. One study suggests that 
NGF stimulation of the Ras-MAPK pathway in PC 12 cells induces a CBP-RSK 
interaction, thereby sequestering CBP and inhibiting CRE- and CREB-mediated 
transcription (147). In H4Iie cells, insulin also represses cAMP-induced activa- 
tion of CREB. Both NGF and insulin suppress CREB activity without reducing 
Serl33 phosphorylation (125, 147, 148). Studies of the PEPCK gene indicate 
that although the Ras-MAPK cascade can partially inhibit CREB-mediated tran- 
scription, the repressing effect of insulin is largely independent of Ras and occurs 
instead via a PI3-kinase-dependent pathway (149, 150). Detailed analysis of 
insulin-responsive PEPCK promoter elements suggests that insulin can inhibit 
both basal and PKA-induced transcription mediated by CREB. Insulin inhibits 
PKA-activated CREB most effectively when the CRE is in the context of other 
PEPCK promoter elements (125), implying that inhibition may occur at the level 
of coactivators that interact with both CREB and other promoter-bound factors. 
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Dependence of Growth Factor Signaling 
on Intracellular Ca 2+ 

Although the Ras-MAPK pathway is important for growth factor induction of 
CREB Serl33 phosphorylation, Ca 2+ -signaling pathways also mediate CREB 
phosphorylation in some growth factor-treated cells. Exposure of cortical neu- 
rons to BDNF leads to a rise in intracellular Ca 2+ , and inhibition of CaMK activ- 
ity with pharmacological agents or dominant-interfering mutants partially 
blocked both BDNF-induced CREB phosphorylation and CREB-dependent tran- 
scription (146). In oligodendrocyte progenitor cells, basic fibroblast growth fac- 
tor induced activation of MAPK and CREB Serl33 phosphorylation. However, 
activation of MAPK and CREB phosphorylation were completely blocked by 
chelation of intracellular Ca 2+ (151). 

Ca 2+ AND CREB 

Like cAMP, Ca 2+ functions as a second messenger in a variety of cellular 
processes (152). In the nervous system, changes in membrane potential can 
increase intracellular Ca 2+ levels via several mechanisms. Release of neurotrans- 
mitter at a synapse activates ligand-gated ion channels, such as the Af-methyl D- 
aspartate (NMDA) receptor, a major glutamate receptor subtype which permits 
Ca 2+ entry. Changes in membrane depolarization can open voltage-gated Ca 2+ 
channels (VSCCs), stimulating influx of extracellular Ca 2+ . Other neurotransmit- 
ter receptors, including muscarinic acetycholine receptors, are G-protein-coupled 
receptors that activate enzymes that provoke a rise in intracellular Ca 2+ by stimu- 
lating release of Ca 2+ from internal stores. Artificial membrane depolarization by 
application of high exogenous potassium chloride induces expression of IEGs in 
PC12 cells (153, 154). Characterization of the mechanisms by which Ca 2+ influx 
through VSCCs activates c-fos transcription has provided insight into how Ca 2+ 
induces gene expression 

Identification of the CaRE as a Ca 2+ -Responsive Element 

Membrane depolarization of PC 12 cells causes Ca 2+ influx through L-type volt- 
age-sensitive Ca 2+ channels (L-VSCCs) (153, 154). Ca 2+ influx, in turn, acti- 
vates c-fos transcription through a promoter element centered at -60 bp 
relative to the transcription start site (128, 153, 155). The -60 bp element of the 
human c-fos gene contains a sequence, TGACGTTT, similar to the 8-bp palin- 
dromic sequence of the somatostatin CRE (TGACGTCA). The -60-bp element 
binds a factor present in nuclear extracts (156) and binding is constitutive; bind- 
ing activity is not affected by membrane depolarization and Ca 2+ influx (155). 
The -60-bp Ca 2+ -responsive element (CaRE) is also a cAMP-responsive element 
(157). This fact, together with the similarity between the c-fos CaRE and the 
somatostatin CRE, suggested that CREB or a CREB-like factor might be the tar- 
gets) of Ca 2+ -activated signaling pathways. Several lines of evidence subse- 
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quently identified CREB as the CaRE-binding factor (158, 159): (a) CREB binds 
specifically to the CaRE sequence in vitro; (b) purification of the CaRE-binding 
activity in nuclear extracts revealed it to be CREB; (c) nucleotide mutations in 
the CaRE that disrupted transcriptional activation in membrane-depolarized cells 
also disrupted CREB binding; and (d) blockade of CREB function within cells 
inhibited membrane depolarization-induced CaRE-dependent transcription. 

Membrane Depolarization Induces CREB Phosphorylation 

Experiments show membrane depolarization and subsequent Ca 2+ influx activate 
CREB by inducing CREB phosphorylation at Serl33 (159). In neurons, Ca 2+ 
influx through NMDA receptors also causes phosphorylation of Serl33 (62). A 
Gal4-CREB fusion was capable of mediating membrane depolarization induc- 
tion of a Gal4-dependent reporter gene, and mutation of Serl33 to alanine abol- 
ished Ca 2+ -dependent transcription (65). The requirement for Serl33 
phosphorylation suggested that CBP is also involved in membrane depolariza- 
tion induction. Indeed, membrane depolarization induces interaction of CREB 
with CBP via the KID and KIX domain (A Bonni, JM Kornhauser, AJ Shaywitz, 
ME Greenberg, unpublished observations). 

Given the relatedness of CREB family members within the KID, especially 
around Serl33 (or the equivalent) (Figure 6), it is not surprising that Ca 2+ influx 
also results in phosphorylation of both ATF-1 (Ser-63) and CREM (Ser-117) 
(160, 161). Both ATF-1 and CREM stimulate transcription in response to Ca 2+ ; 
however, ATF-1 stimulates transcription to a greater extent in membrane- 
depolarized cells than in forskolin-treated cells (126, 161). By contrast, CREMt 
induces transcription to a lower level in Ca 2+ ionophore-treated cells than in 
forskolin-treated cells (160). Thus, other structural features of CREB, ATF-1, 
and CREM presumably account for these observed differences in function, but 
the mechanistic basis of these differences is not known. 

Protein Kinases That Mediate the Ca 2+ Response 

Ca 2+ is a pleiotropic second messenger that activates a variety of signal transduc- 
tion pathways. Identification of the kinase(s) that catalyzes Serl33 phos-phoryla- 
tion in membrane-depolarized cells has proved to be difficult. Many kinases, some 
of whose activities are enhanced by Ca 2+ , are capable of phos- phorylating CREB 
in vitro, including Ca 2+ /calmodulin-dependent kinases I, II, and IV (CaMKl, II, 
and IV), RSK1, RSK2, RSK3, PKC, and PKA. More thorough biochemical and 
cell biological analysis is necessary to determine which of these kinases mediates 
a Ca 2+ response under a particular circumstance. However, an emerging view is 
that, in a given cell type, Ca 2+ may activate several distinct signaling pathways 
that each culminate in CREB phosphorylation (Figure 9). The ability to achieve 
stoichiometric phosphorylation of CREB could possibly require that more than 
one CREB kinase be activated. In addition, CREB kinases activated with distinct 
kinetics could provide a mechanism to prolong response. 
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Ca 2+ /Calmodulin-Dependent Kinases The best characterized of the Ca 2+ 
activated CREB kinases are CaMKs. When intracellular Ca 2+ concentration rises, 
the concentration of Ca 2+ /calmodulin (CaM) complex increases. Ca 2+ /CaM 
binds to and activates the CaMK family of serine/threonine kinases either 
directly, e.g. CaMKII, or indirectly via activating the upstream enzymes, e.g. 
CaMKI and CaMKIV (162, 163). The sequence containing Serl33 corresponds 
to the consensus for phosphorylation by CaMKs (RXXS). Phosphopeptide map- 
ping indicates that CaMKI, CaMKII, and CaMKIV all phosphorylate CREB at 
Serl33 in vitro (65, 115, 164-166). 

Involvement of CaMKs was suggested by the observation that inhibitors of 
CaM or CaMKs block membrane depolarization-induced c-fos transcription ( 1 54, 
167, 168). Cumulative evidence indicates that a particular CaMK family mem- 
ber, CaMKIV, mediates membrane depolarization/Ca 2+ -dependent activation of 
CREB. First, kinetics of CaMKIV activation within minutes after membrane 
depolarization correlate with stimulation of Serl33 phosphorylation (169). 
Second, CaMKIV is found in the nucleus, where CREB is localized (170). Third, 
cotransfection of constitutively active CaMKIV drives CREB- and CRE- 
dependent gene expression (115, 165, 166). Finally, interfering with CaMKIV 




PKA \ / 



RSK1-3 



f ) 



SIGNALING THROUGH CREB 847 



function, using either pharmacologic agents (such as the drug KN-93) that block 
activity or antisense oligonucleotides that block expression, inhibits membrane 
depolarization-induced Serl33 phosphorylation (169). 

It is less likely that the other CaMK family members, CaMKI and CaMKlI, 
activate CREB-dependent transcription in response to membrane depolarization. 
Although CaMKI phosphorylates CREB at Serl33 in vitro and can activate 
CREB-dependent transcription in transient transfection assays (128, 161), CaMKI 
does not appear to be localized to the nucleus in neurons (169, 171). CaMKII, on 
the other hand, does not activate CREB-/CRE-dependent transcription in 
transcription assays (115, 165, 166). This finding was unexpected, since in vitro 
CaMKII, when compared to CaMKIV, is a more potent activator of CREB Serl33 
phosphorylation. Whereas both CaMKII and CaMKIV have similar affinities for 
CREB in vitro (K m = 1 and 2.5 |xM, respectively), the V max for phosphorylation 
of CREB by CaMKIV is actually 30- to 40-fold lower than that by CaMKII (115). 



Figure 9 Multiple signaling pathways contribute to cAMP response element- 
binding protein (CREB) Serl33 phosphorylation in response to Ca 2+ influx. In neu- 
ronal cells, electrical activity leads to membrane depolarization, opening voltage- 
sensitive Ca 2+ channels (VSCCs) in the plasma membrane and resulting in influx of 
extracellular Ca 2+ . Inside the cell, calcium activates many kinases, some of which di- 
rectly phosphorylate CREB at Serl33. Upon entering the cell, Ca 2+ binds to a protein, 
calmodulin (CaM). The Ca 2+ /CaM complex (shaded box) can activate the PKA path- 
way (blue) by directly stimulating calcium-sensitive adenylyly cyclases, leading to 
generation of cAMP and the activation of PKA. PKA can then translocate to the nu- 
cleus where it phosphorylates CREB at Serl33. Ca 2+ /CaM also activates members of 
the Ca 2+ /calmodulin-dependent kinase (CaMK) family (black), all of which can 
phosphorylate CREB at Serl33. Ca 2+ /CaM directly activates CaMKI (not shown), 
CaMKII, and CaMKIV. Ca 2+ /CaM can also activate CaMKK, which can then directly 
activate both CaMKIV and CaMKI (not shown). Nuclear translocation of Ca 2+ /CaM 
may account for the activation of CaMKIV and CaMKII. CaMKIV is localized pre- 
dominantly to the nucleus while isoforms of CaMKII are found both in the nucleus 
and in the cytoplasm (211). In addition, certain CaMKII isoforms may translocate 
from the cytoplasm to the nucleus (212). Ca 2+ /CaM also activates the Ras/MAPK 
pathway (red). Ca 2+ activation of Ras may occur through multiple mechanisms. Ca 2+ 
influx can lead to the ligand-independent activation of the EGF-receptor (EGF-R), 
which then leads to activation of guanine-nucleotide exchange factors, such as Sos 
and Ras activation. Activation of Ras stimulates the Raf, MEK, and ERK1/2 kinase 
cascade. The MAP kinases ERK1/2 directly activate members of the pp90 RSK family 
of protein kinases (RSK1-3). Activated RSKs then translocate to the nucleus where 
they phosphorylate CREB at Serl33. Ca 2+ /CaM can also activate Ras by activating 
Ras-GRF, a Ca 2+ -activated guanine-nucleotide exchange factor. The calcium- 
activated tyrosine kinase PYK2 can also activate Sos and lead to stimulation of the 
Ras pathway. Dashed lines indicate translocation from the cytoplasm to the nucleus. 
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Mounting evidence indicates that CaMKII actually inhibits CREB activity by 
phosphorylating other sites on CREB in addition to Serl33 (see below). 

Ca 2+ and Ras CaMKs are not the only kinases that phosphorylate CREB at 
Serl33 in response to membrane depolarization. Under conditions in which 
CaMKIV is not expressed or is inhibited, membrane depolarization can still 
induce CREB Serl33 phosphorylation and lead to the activation of CREB-depen- 
dent transcription. For example, in PC 12 cells, although there is no detectable 
CaMKIV expression (146), membrane depolarization still induces CREB Serl33 
phosphorylation and activates CREB-dependent transcription (65). In AtT20 
cells, the CaMK inhibitor, KN-62, effectively blocks membrane depolarization- 
induced CaMK activity (168), but does not block phosphorylation at Serl33 
(172). One other pathway that may contribute to Ca 2+ stimulation of Serl33 
phosphorylation is the Ras/MAPK pathway. The Ras/MAPK pathway is a well- 
characterized mediator of the effects of growth factor receptor-tyrosine kinases 
(see above). However, it has been found that Ca 2+ influx (via either NMDA 
receptors or L-VSCCs) can also trigger activation of the Ras/ MAPK cascade 
(173-175). In some cells, neurotransmitter stimulation evokes Serl33 phospho- 
rylation through a pathway that is both Ca 2+ and MAPK dependent (151). 

How Ca 2+ triggers Ras activation is at present only partly understood, but 
several mechanisms have been proposed (176). PYK2, a recently cloned tyrosine 
kinase, is activated by Ca 2+ and is capable of translating a Ca 2+ stimulus into 
Ras activation (177). PYK2 appears to function by recruiting GEFs that activate 
Ras to the membrane. How Ca 2+ activates PYK2 is presently unknown, but a Src 
family tyrosine kinase may be involved (175). Another recently identified factor, 
Ras-GRF, also appears to mediate Ca 2+ activation of Ras in neurons (178). Ras- 
GRF is a GEF that binds Ca 2+ /calmodulin and activates Ras by catalyzing 
exchange of GDP for GTP. Finally, in PC12 cells, membrane depolarization 
induces EGF-independent tyrosine phosphorylation of EGF receptors that then 
recruit the Shc/Grb2/Sos complex and culminate in Ras activation (179). 

Ca 2+ and PKA In certain neuronal subtypes, Ca 2+ influx leads to activation of 
PKA, which then phosphorylates CREB at Serl33. Ca 2+ influx activates Ca 2+ - 
sensitive adenylyl cyclase isoforms, increasing the level of cAMP, which acti- 
vates PKA (180). This pathway may trigger Serl33 phosphorylation in AtT20 
cells, where membrane depolarization stimulates CREB phosphorylation even 
when CaMK inhibitors are present (172). 

Ca 2+ Regulates CREB Activity Through 
Multiple Mechanisms 

Kinetics of CREB Serl33 Phosphorylation Regulate CREB-Mediated Tran- 
scription Under certain conditions, Serl33 phosphorylation induced by mem- 
brane depolarization declines rapidly (within 30 min), whereas under other 
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circumstances phosphorylation is sustained for hours. As in the cAMP pathway, 
duration of Serl33 phosphorylation can affect the induction of gene expression 
in response to Ca 2+ . For example, in hippocampal and striatal neurons, mem- 
brane depolarization induces expression of CRE-containing genes only if the 
stimulus produces prolonged phosphorylation (123, 169). 

One way to control duration of Ca 2+ -induced CREB phosphorylation is via 
regulation of the CREB phosphatases. The rate of CREB dephosphorylation 
could reflect either stimulus-induced activation of a phosphatase (with delayed 
kinetics relative to the kinase) or action of a constitutively active phosphatase as 
kinase activity declines. Ca 2+ influx affects the activity of phosphatases that can 
act on CREB Serl33. The Ser/Thr phosphatase, calcineurin (CaN, also called 
PP-2B), is activated by Ca 2+ /CaM (181) and can dephosphorylate Serl33-phos- 
phate in vitro (115). As discussed above, PP-1 and PP-2A also dephosphorylate 
CREB at Serl33 in vitro and in vivo, and thus may mediate CREB dephosphory- 
lation after membrane depolarization. Pharmacological studies indicate that PP-1 
is the phosphatase that dephosphorylates Serl33 after membrane depolarization, 
at least in hippocampal neurons (169). However, CaN may also contribute 
because CaN can act indirectly to stimulate PP-1 activity (118). Indeed, in hip- 
pocampal neurons and striatal neurons, inhibition of CaN extends the duration of 
membrane depolarization-induced Serl33 phosphorylation (123, 169). Since cer- 
tain patterns of membrane depolarization induce prolonged Serl33 phosphoryla- 
tion, this suggests that a mechanism may exist to inhibit CaN activity under these 
conditions. Inactivation of CaN is also regulated by Ca 2+ /CaM (182), so that 
neuronal stimuli that produce different patterns of Ca 2+ influx may lead to either 
stimulation or inhibition of CaN activity. Other mechanisms have been invoked 
for regulation of CaN in response to different stimuli, including the generation of 
free radicals (183). How different types of Ca 2+ stimuli lead to transient versus 
prolonged Serl33 phosphorylation is still unknown, however. 

Serl33-Independent Regulation of CREB Activity Although the findings dis- 
cussed above suggest that phosphorylation of CREB at Serl33 is a key event in 
membrane depolarization-induced CREB activation, modification of Serl33 
alone is insufficient to explain the modulation of CREB activity by membrane 
depolarization. Membrane depolarization activates kinases that phosphorylate 
sites on CREB other than Serl33 that may function to activate or inhibit CREB- 
dependent transcription. 

CaMKH phosphorylates CREB at Serl33 and at a second site (65, 164), 
Serl42, a residue that also lies within the KID (115, 165). Mutation of Serl42 to 
alanine (S142A) in a Gal4-CREB fusion permitted CaMKII-induced (165) expres- 
sion of a Gal4-dependent reporter, suggesting Serl42 phosphorylation is normally 
inhibitory to CREB function. Consistent with this idea, CaMKH inhibition of 
CREB activity is not reversed by coexpression of constitutively active CaMKIV 
or PKA, both of which phosphorylate CREB at Serl33 but not Serl42 (165). 

How the phosphorylation of Serl42 inhibits CREB activity is unknown. Most 
mutations at Serl42 either have no effect or actually increase transcription, 
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whereas a S142D mutation abolishes signal-induced activation of Gal4-CREB 
(82). The negatively charged Asp residue may mimic phosphorylation.Thus, elec- 
trostatic interactions at this site may be important for transcriptional inhibition, 
possibly by interfering with CBP binding because a negative charge at 142 might 
disrupt the hydrophobic interactions between KID and K1X (Figure 3) (79, 84, 
184). However, S142D does not affect the KID/KIX interaction either in vitro or 
in vivo (82), but the analysis used the isolated KID and KIX domain rather than 
full-length CREB and CBR Another study indicates that phosphorylation of 
Serl42 (and possibly Serl43) disrupts the KID/KIX interaction (184). Another 
mechanism by which phosphorylation of Serl42 may inhibit CREB activity is 
via recruitment of an as yet unidentified corepressor that interacts with 
Serl42-phosphorylated CREB. 

The sequences surrounding and including Serl42 are well conserved in both 
ATF-1 and CREM (Figure 6), suggesting that phosphorylation of the correspond- 
ing serine in ATF-1 (Ser72) and CREMt (Serl26) may also negatively affect the 
transcriptional activity of these factors. Phosphorylation at Ser72 in ATF- 1 is cur- 
rently a subject of controversy. One study concluded that ATF-1 functions analo- 
gously to CREB: In vitro, CaMKII phosphorylates ATF-1 at two sites (Ser63 and 
Ser72) and, in GH3 cells, Gal4- ATF-1 can be activated by coexpressed CaMKIV, 
but not by coexpressed CaMKII (161). However, others have found that CaMKII 
phosphorylates only a single serine on ATF-1 in vitro, and that ATF-1 is activated 
by CaMKII in F9 cells (185). Given the sequences of their KIDs, it would be sur- 
prising if CaMKII phosphorylated CREB, but not ATF-1, at the corresponding 
inhibitory site. High concentrations of CaMKII are required to phosphorylate 
CREM at Serl26 in vitro, yet 32 P-labeling experiments indicate that Serl26 (and 
Serl27) are both phosphorylated in vivo (160). Whether the phosphorylation of 
CREM at Serl26 and Serl27 affects CREM function has not yet been addressed. 

CaMKs may regulate CREB activity by catalyzing phosphorylation at sites 
other than Serl33 and Serl42. In AtT20 cells, blocking CaMKIV activity inhib- 
ited membrane depolarization induction of Gal4-CREB-dependent gene expres- 
sion, but did not inhibit Serl33 phosphorylation (172). These findings suggest 
that either CaMKIV is needed to phosphorylate another site on CREB that is 
required for activation or that CaMKIV phosphorylates another protein critical 
for Gal4-CREB-dependent transcription. CBP is a possible CaMKIV target 
because CaMKIV coexpression activates a Gal4-CBP fusion to induce transcrip- 
tion from a Gal4-dependent reporter gene (172). It is also possible that calcium 
influx may more directly modify proteins involved in transcription. For example, 
the newly identified protein DREAM binds to sequences within the c-fos gene to 
repress transcription in the absence of calcium (186a). However, when the level 
of calcium in the nucleus rises, DREAM forms a complex with calcium and 
releases from the DNA, resulting in transcriptional de-repression. 

PKA is required for Ca 2+ activation of CREB-dependent transcription, but is 
not required for Serl33 phosphorylation in response to membrane depolarization 
(58, 186). Similarly, in T cells, inhibition of PKA blocked stimulus-induced 
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CREB-mediated transcription, but did not block Serl33 phosphorylation (59). 
These findings indicate that a PKA-dependent event other than CREB Serl33 
phosphorylation is required for Ca 2+ induction of CaRE-dependent transcription. 
This second event may involve an effect of PKAon the KID/KIX interaction (59). 
Alternatively, PKA may phosphorylate and inactivate a repressor of CREB activ- 
ity, or may stimulate components of the basal transcription machinery. Because it 
has been reported that PKA is required for the nuclear translocation of ERKs and 
RSKs (187, 188), the second PKA-dependent event may be mediated by these 
other kinases. The nature of the PKA-dependent event that controls Ca 2+ induc- 
tion of CaRE-dependent transcription is an important subject for future research. 

Depolarization-Induced CREB Activation May Require CREB to Cooperate 
with Other Promoter-Bound Factors Experiments using a leucine zipper- 
deficient Gal4-CREB suggest that CREB may heterodimerize with another bZIP 
factor to activate transcription of a Gal4-dependent reporter gene in response to 
membrane depolarization (57). CREB cooperates with other promoter-bound 
factors to activate transcription of the BDNF gene in membrane depolarized cells 
(189, 190). In cortical neurons, membrane depolarization activates BDNF tran- 
scription (189, 191). Although the BDNF promoter contains a CRE, and CREB 
is required for its induction by membrane depolarization, robust activation of 
BDNF expression by Ca 2+ influx is dependent on a promoter element located 
-30 bp 5' of the CRE, suggesting that neural-specific factor(s) that bind to this 
site may cooperate with CREB 

CREB may activate c-fos transcription in membrane depolarized cells by 
cooperating with transcription factors bound 3' to the site of initiation of tran- 
scription. Studies of c-fos transcription in PC 12 cells show that although c-fos 
transcription is initiated to a certain degree in unstimulated cells there is a block 
to c-fos transcript elongation (58). The transcription elongation block site is 
located between c-fos exons one and two. Membrane depolarization/Ca 2+ influx 
relieves the transcription elongation block, thereby allowing the synthesis of full- 
length c-fos RNA. Thus, membrane depolarization/Ca 2+ influx may regulate a 
factor that binds at the site of the transcriptional elongation block and this factor 
may cooperate with CREB to activate transcription. 

Spatial and Temporal Features of Ca 2+ Signaling Affect CREB Transcription 

The route of Ca 2+ entry plays an important role in determining which Ca 2+ - 
dependent signaling pathways are activated (192). For example, activation of 
both L-VSCCs and NMDA receptors increases intracellular Ca 2+ ; however, 
specific features of each channel type and their subcellular localization will affect 
the signal transduction molecules that are activated. In hippocampal neurons, 
membrane depolarization-induced activation of L-VSCCs and glutamate- induced 
activation of NMDA receptors both lead to Serl33 phosphorylation (62). 
However, activation of NMDA receptors fails to induce CREB-dependent tran- 
scription, whereas stimulation of L-VSCCs induces robust activation of 
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CREB-dependent transcription (65, 159, 168). This differential effect depends, 
in part, on the duration of CREB phosphorylation (see above), since activation of 
NMDA receptors causes only transient Serl33 phosphorylation, but activation of 
L-VSCCs induces prolonged phosphorylation (SM Finkbeiner and ME Green- 
berg, unpublished observations). 

NMDA receptors are generally located at post-synaptic dendritic sites many 
microns from the soma, while L-VSCCs are often localized to the proximal den- 
drites near the cell body. Therefore, as Ca 2+ enters the neuron through each of 
these channels, it encounters different intracellular environments. The Ca 2+ chan- 
nels themselves may affect the intracellular environment encountered by incom- 
ing Ca 2+ ions because the cytoplasmic domains of Ca 2+ channels reportedly bind 
specific signal transduction molecules that could contribute to propagation of the 
Ca 2+ signal (193). For L-VSCCs, experiments suggest that, as Ca 2+ enters a neu- 
ron, it does not diffuse very far from its site of entry and must activate a signal- 
ing pathway close to the membrane (186). Potential signaling molecules could 
be components of the Ras pathway, a Ca 2+ -sensitive adenylyl cyclase, or possi- 
bly CaM. Ca 2+ influx through L-VSCCs induces translocation of CaM from the 
cytoplasm to the nucleus (194), where it might activate nuclear CaMKs. Ca 2 * 
influx through L-VSCCs also activates the Ras/MAPK pathway leading to RSK 
induction. Two studies suggest that although CaMKs may be important for initial 
activation of CREB, RSKs appear to be important for phosphorylating Serl33 at 
later time points (172, 1 88). 

The Serl33 phosphorylation is initiated by Ca 2+ acting near its site of entry 
and does not require an increase in nuclear Ca 2+ (186). However, nuclear Ca 2+ 
may be critical for activating other events that are necessary for CREB- 
dependent transcription. Studies using Ca 2+ chelators localized to the nucleus 
demonstrated that nuclear Ca 2+ regulates CREB-dependent transcription in a 
Serl33-independent manner (172, 195). 

Like its route of entry, the temporal pattern of Ca 2+ influx can be a critical deter- 
minant of the signal transduction molecules that are activated (196-198). In dorsal 
root ganglion neurons, varying the frequency of Ca 2+ spikes alters the extent and 
duration of c-fos induction (197). In these experiments, CREB phosphorylation at 
Serl33 was not strictly correlated with c-fos induction. Certain frequencies of Ca 2+ 
spikes were found to induce Serl33 phosphorylation, but not c-fos activation. This 
observation could be explained by the existence of a second Ca 2+ -dependent regu- 
latory event (in addition to Serl33 phosphorylation) required for CREB-dependent 
transcription that is induced only by certain Ca 2+ spike frequencies. 

Target Genes-BDNF 

A variety of regulatory pathways have evolved that control the timing and the 
nature of the CREB response to Ca + influx. The precise control of CREB func- 
tion is likely to be important both during development as well as in the mature 
nervous system. During mammalian development, neuronal activity and possibly 
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Ca 2+ influx play an important role in the development of synaptic connections, 
raising the possibility that CREB is involved in this process (191, 199, 200). Sup- 
porting this idea is the finding that in embryonic cortical neurons, neuronal activ- 
ity induces expression of BDNF by a CRJEB-dependent mechanism (189, 190). 
BDNF, in turn, is known to play a critical role in nervous system development 
(201). Several studies have also shown that BDNF acts at synapses to modulate 
synaptic transmission (202, 203). The finding that Ca 2+ regulates BDNF tran- 
scription by a CREB-dependent mechanism, taken together with the observation 
that BDNF modulates synaptic function, provides a possible explanation for how 
CREB regulates synaptic function. However, BDNF is probably only one of a 
number of CREB target genes that regulate synaptic function. Identification of 
additional CREB targets should provide further insight into how CREB con- 
tributes to development and to adaptive neuronal responses. 



OTHER KINASES THAT PHOSPHORYLATE THE 
KINASE-INDUCIBLE DOMAIN OF CREB 

In addition to PKA, CaMKs, and RSKs, other kinases may contribute to the regu- 
lation of CREB activity by phosphorylating residues within the KID. Specifically, 
PKC, glycogen synthase kinase III (GSK-3), and casein kinase II (CKII) can all 
phosphorylate residues in the KID, and may affect CREB function. PKC can phos- 
phorylate CREB in vitro at multiple sites, including Serl33, and phosphorylation 
by PKC has been suggested to affect CREB dimerization (41). In lymphocytes, 
stimulation of the B-cell surface immunoglobulin leads to CREB phosphorylation 
via a PKC-dependent pathway, but the direct CREB kinase in this case is unknown 
(204). PKC can activate MAPK, so it is possible that a MAPK-dependent kinase 
such as one of the RSKs may be the culprit (205). Indeed, T-cell receptor stimula- 
tion induces CREB phosphorylation through a PKC-dependent pathway that also 
requires MAPK activation (206). Moreover, functional RSK2 was required for T- 
cell receptor-induced CREB phosphorylation, raising the possibility that the PKC- 
MAPK-RSK-CREB pathway functions in B cells as well. 

GSK-3 is a hierarchical serine/threonine kinase, meaning that it phosphory- 
lates its target substrate only after the substrate has been phosphorylated by 
another kinase (207). A GSK-3 site at Serl29 is generated after prior phosphory- 
lation of CREB Serl33 by another kinase such as PKA, and phosphorylation of 
CREB Serl33 is required for in vitro phosphorylation of CREB Serl29 by 
GSK-3 (208). PKA activation of CREB-dependent transcription is enhanced by 
GSK-3 and reduced by mutation of CREB Serl29 to alanine, suggesting that 
GSK-3 phosphorylation of Serl29 contributes to CREB activity, but, there is no 
evidence yet that Serl29 is phosphorylated in vivo. 

Like PKC, CKII can phosphorylate CREB in vitro at multiple sites (70). One of 
these sites, Serl56, is also phosphorylated in vivo after cAMP stimulation of PC 12 
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cells (79, 114). One study suggests that CKI1 also phosphorylates CREB at Serl42 
and/or Serl43 (184). Since phosphorylation of CREB at Serl42 inhibits CREB- 
mediated transcription (see above), CKII may be a negative regulator of CREB. 

Because of the similarity between CREB and CREMt within the KID, these 
same kinases (PKC, GSK-3, and CKII) are predicted to phosphorylate CREMt. 
Biochemical analysis indicates that many of the potential phosphorylation sites 
within the KID of CREB are also phosphorylated within the KID of CREMt both 
in vitro and in vivo (209). The notable exception is phosphorylation of the GSK- 
3 site, which is not observed in CREMt in vivo. The pp70 S6 kinase (pp70 S6k ) 
has been reported to phosphorylate CREMt at Seiil7 (analogous to Serl33 in 
CREB) (210); however, phosphorylation of CREB by pp70 S6k has not been 
reported and pharmacological evidence indicates that this kinase is not required 
for growth factor-induced CREB phosphorylation (129). 



CONCLUSIONS 

Understanding of the mechanisms by which extracellular stimuli induce changes 
in gene expression is critical for understanding how cells can adapt to environ- 
mental cues. CREB is a transcription factor that is the target of a variety of sig- 
naling pathways mediating cell responses to extracellular stimuli. CREB 
becomes phosphorylated on a critical residue, Serl33, in response to signals as 
diverse as peptide hormone stimulation, growth factor stimulation, and neuronal 
activity. The identification of CBP and the subsequent characterization of its 
interaction with Serl33-phosphorylated CREB has provided a basis for under- 
standing how CREB activates transcription in response to these extracellular 
stimuli. However, it is becoming clear that regulation of CREB activity is com- 
plex and that this regulation involves more than just phosphorylation at Serl33. 
Other phosphorylation events on CREB and other promoter-bound factors appear 
to regulate the ability of CREB to induce expression of specific target genes in 
response to particular stimuli. The ability of CREB to be phosphorylated on 
Serl33 by many signaling pathways allows CREB to function as a sensitive 
barometer of environmental change; at the same time, the requirement for other 
phosphorylation events and other factors may allow CREB to adjust specific cel- 
lular responses to meet specific stimuli. One challenge for the future is to eluci- 
date additional mechanisms within the CREB pathway that allow CREB to 
function with both sensitivity and specificity. 

Another issue that needs to be addressed is the role of other CREB family mem- 
bers in regulating Ca/CRE-dependent transcription. Which stimulus-induced 
Ca/CRE transcriptional events require CREB itself, and which can be carried out 
by ATF- 1 and CREM? In nonredundant cases, why is one factor utilized in prefer- 
ence to another? Here, too, a more detailed and thorough understanding of the 
mechanisms by which CREB activates transcription will be critical for understand- 
ing why there are differences in function between the CREB family members. 



SIGNALING THROUGH CREB 855 



Finally, understanding of the physiologic significance of stimulus-induced 
CREB activation will require analysis of many more target genes induced by 
CREB. Mutation of a major growth factor-induced CREB kinase has deleterious 
effects on human development, as evidenced in Coffin-Lowry syndrome. Is this 
the result of a failure to activate particular CREB target genes'? If so, what are 
these target genes? Identification of CREB target genes also will be important for 
understanding the molecular mechanisms of adaptive responses in the nervous 
system. How do stimuli that require activation of CREB within the nucleus of a 
single neuron result in the modification within the neuron of some synapses but 
not others? In addition to BDNF, other genes most likely exist that require CREB 
and are important for neuronal activity-dependent processes. Identification of 
these target genes and characterization of their function within the cell may pro- 
vide insight into how signals that activate a nuclear transcription factor such as 
CREB achieve specificity at a subcellular level. 



ACKNOWLEDGMENTS 

We thank Anne Brunet and Azad Bonni for their many helpful comments during 
the preparation of this manuscript, and also thank Steve Finkbeiner for useful dis- 
cussions. In addition, we thank Ishwar Radhakrishnan and Peter Wright of The 
Scripps Research Institute for contributing the structural diagram of the KID/KIX 
interaction. We also gratefully acknowledge our many colleagues who provided 
us with preprints of their work. This work was supported by NIH grant CA43855 
to M.E.G. and by NIH Mental Retardation Research Center grant P30-HD 18655. 



LITERATURE CITED 

1. ShengM, Greenberg ME. 1990. Neuron 
4:477-85 

2. Meyer TE, Habener JF. 1993. Endocr. Rev. 
14:269-90 

3. Lee KA, Masson N. 1993. Biochim. Bio- 
phys. Acta 1174:221-33 

4. Frank DA, Greenberg ME. 1994. Cell 
79: 5-8 

5. Barton K, Muthusamy N, Chanyangam 
M, Fischer C, Clendenin C, Leiden JM. 
1996. Nature 379:81-85 

5a.Struthers RS, Vale WW, Arias C, Saw- 
chenko PE, Montminy MR. 1991. Nature 
350:622-24 

6. Fentzke RC, Korcarz CE, Lang RM, Lin 
H, Leiden JM. 1998. J. Clin. Invest. 
101:2415-26 



7. Silva AJ, Kogan JH, Frankland PW, Kida 
S. 1998. Annu. Rev. Neurosci. 21:127-48 

8. Blendy JA, Maldonado R. 1998. J. Mol. 
Med. 76:104-10 

9. Hanson RW, Reshef L. 1997. Annu. Rev. 
Biochem. 66:581-611 

10. Montminy M. 1997. Annu. Rev. Biochem. 
66:807-22 

11. Sutherland EW, Robison GA, Butcher 
RW. 1968. Circulation 37:279-306 

12. Robbins RJ, Sutton RE, Reichlin S. 1982. 
Brain Res. 234:377-86 

13. Hermansen K. 1985. Endocrinology 
116:2251-58 

14. Goodman RH. 1990. Annu. Rev. Neurosci. 
13:111-27 



856 SHAYWITZ & GREENBERG 



1 5. Montminy MR, Sevarino KA, Wagner JA, 
Mandel G, Goodman RH. 1986. Proc. 
Natl. Acad. Sci. USA 83:6682-86 

16. Montminy MR, Bilezikjian LM. 1987. 
Nature 328:175-78 

17. Hoeffler JP, Meyer TE, Yun Y, Jameson 
JL, Habener JF. 1988. Science 242: 
1430-33 

18. Gonzalez GA, Yamamoto KK, Fischer 
WH, Kan- D, Menzel P, et al. 1989. Nature 
337:749-52 

19. Hoeffler JP, Meyer TE, Waeber G, 
Habener JF. 1990. Mol. Endocrinol. 4: 
920-30 

20. Berkowitz LA, Gilman MZ. 1990. Proc. 
Natl. Acad. Sci. USA 87:5258-62 

2 1 . Yamamoto KK, Gonzalez GA, Menzel P, 
Rivier J, Montminy MR. 1990. Cell 60: 
611-17 

22. Ruppeit S, Cole TJ, Boshart M, Schmid E, 
Schutz G. 1 992. EMBO J. 11:1 503-1 2 

23. Cole TJ, Copeland NG, Gilbert DJ, Jenk- 
ins NA, Schutz G, Ruppert S. 1992. 
Genomics 13:974-82 

24. Waeber G, Meyer TE, LeSieur M, Her- 
mann HL, Gerard N, Habener JF. 1991. 
Mol. Endocrinol. 5:1418-30 

25. Blendy JA, Kaestner KH, Schmid W, Gass 
P, Schutz G. \996. EMBO J. 15:1098-106 

26. Waeber G, Habener JF. 1992. Endocrinol- 
ogy 131:2010-15 

27. Yang L, Lanier ER, Kraig E. 1997. J. 
Immunol. 158:2522-25 

28. Lee KAW, Hai TY, SivaRaman L, 
Thimmappaya B, Hurst HC, et al. 1987. 
Proc. Natl. Acad. Sci. USA 84:8355-59 

29. Hurst H, Jones NC. 1987. Genes Dev. 1 : 
1132-46 

30. Lee KAW, Fink JS, Goodman RH, Green 
MR. 1989. Mol. Cell. Biol. 9:4390-97 

31. Hurst HC, Masson N, Jones NC, Lee 
KAW. 1990. Mol. Cell. Biol. 10:6192-203 

32. Hai TW, Liu F, Coukos WJ, Green MR. 
1989. Genes Dev. 3:2083-90 

33. Rehfuss RP, Walton KM, Loriaux MM, 
Goodman RH. 1991. ./. Biol. Chem. 
266:18431-34 



34. Foulkes NS, Borrelli E, Sassone-Corsi P. 

1991. Cell 64:739^49 

35. Laoide BM, Foulkes NS, Schlotter F, 
Sassone-Corsi P. 1993. EMBO J. 12: 
1179-91 

36. Foulkes NS, Mellstrom B, Benusiglio E, 
Sassone-Corsi P. 1992. Nature 355:80-84 

37. Foulkes NS, Schlotter F, Pevet P, Sassone- 
Corsi P. 1993. Nature 362:264-67 

38. Delmas V, Laoide BM, Masquilier D, de 
Groot RP, Foulkes NS, Sassone-Corsi P. 

1992. Proc. Natl. Acad. Sci. USA 89: 
4226-30 

39. Stehle JH, Foulkes NS, Molina CA, 
Simonneaux V, Pevet P, Sassone-Corsi P. 

1993. Nature 365:314-20 

40. Molina CA, Foulkes NS, Lalli E, Sassone- 
Corsi P. 1993. Cell 75:875-86 

41 . Yamamoto KK, Gonzalez GA, Biggs WH, 
Montminy MR. 1988. Nature 334: 494-98 

42. Yun YD, Dumoulin M, Habener JF. 1990. 
Mol. Endocrinol. 4:931-39 

43. Dwarki VJ, Montminy M, Verma IM. 
1990. EMBO J. 9:225-32 

44. StruhlK. 1989. Trends Biochem. Sci. 14: 
137^10 

45. Vinson CR, Sigler PB, McKnight SL. 
1989. Science 246:911-16 

46. Loriaux MM, Brennan RG, Goodman RH. 

1994. J. Biol. Chem. 269:28839-43 

47. Hurst HC, Totty NF, Jones NC. 1991. 
Nucleic Acids Res. 19:4601-9 

48. Kobayashi M, Kawakami K. 1995. 
Nucleic Acids Res. 23:2848-55 

49. Kvietikova 1, Wenger RH, Marti HH, 
Gassmann M. 1995. Nucleic Acids Res. 
23:4542-50 

50. Halazonetis TD, Georgopoulos K, Green- 
berg ME, Leder P. 1988. Cell 55:917-24 

51. Hai T, Curran T. 1991. Proc. Natl. Acad. 
Sci. USA 88:3720-24 

52. Benbrook DM, Jones NC. 1990. Onco- 
gene 5:295-302 

53. Seamon KB, Padgett W, Daly JW. 1981. 
Proc. Natl. Acad. Sci. USA 78:3363-67 

54. Gonzalez GA, Montminy MR. 1989. Cell 
59:675-80 



SIGNALING THROUGH CREB 857 



55. Karin M, Hunter T. 1995. Curr. Biol. 5: 
747-57 

56. Musti AM, Treier M, Bohmann D. 1997. 
Science 275:400-2 

57. Bonni A, Ginty DD, Dudek H, Green- 
berg ME. 1995. Mol. Cell. Neurosci. 
6:168-83 

58. Thompson MA, Ginty DD, Bonni A, 
Greenberg ME. 1995. J. Biol. Chem. 
270: 4224-35 

59. Brindle P, Nakajima T, Montminy M. 
1995. Proc. Natl. Acad. Sci. USA 92: 
10521-25 

60. Waeber G, Habener JF. 1991. Mol. 
Endocrinol. 5:1431-38 

61. Vandromme M, Gauthier-Rouviere C, 
Lamb N, Fernandez A. 1996. Trends 
Biochem. Sci. 21:59-64 

61a. Kaffman A, Rank NM, O'Shea EK. 

1998. Genes Dev. 12:2673-83 
61b. O'Neill EM, Kaffman A, Jolly ER, 

O'Shea EK. 1996. Science 271:209-12 

62. Ginty DD, Kornhauser JM, Thompson 
MA, Bading H, Mayo KE, et al. 1993. 
Science 260:238^11 

63. Hagiwara M, Brindle P, Harootunian A, 
Armstrong R, Rivier J, et al. 1993. Mol. 
Cell. Biol. 13:4852-59 

64. Crino P, Khodakhah K, Becker K, Gins- 
berg S, Hemby S, Eberwine J. 1998. 
Proc. Natl. Acad. Sci. USA 95:2313-18 

65. Sheng M, Thompson MA, Greenberg 
ME. 1991. Science 252:1427-30 

66. Wegner M, Cao ZD, Rosenfeld MG. 
1992. Science 256:370-73 

67. Tsukada J, Saito K, Waterman WR, 
Webb AC, Auron PE. 1994. Mol. Cell. 
Biol. 14: 7285-97 

68. Nichols M, Weih F, Schmid W, DeVack 
C, Kowenz-Leutz E, et al. 1992. EMBO 
J. 11:3337-46 

69. Weih F, Stewart F, Boshart M, Nitsch D, 
Schutz G. 1990. Genes Dev. 4:1437-49 

70. Bullock BP, Habener JF. 1998. Biochem- 
istry 37:3795-809 

71. Richards JP, Bachinger HP, Goodman 
RH, Brennan RG. 1996. ./. Biol. Chem. 
271: 13716-23 



72. Anderson MG, Dynan WS. 1994. Nucleic 
Acids Res. 22:3194-201 

73. Metallo SJ, Schepartz A. 1997. Nat. 
Struct. Biol. 4:115-17 

74. Wu X, Spiro C, Owen WG, McMurray 
CT. 1998. J. Biol. Chem. 273:20820-27 

75. Gonzalez GA, Menzel P, Leonard J, 
Fischer WH, Montminy MR. 1991. Mol. 
Cell. Biol. 11:1306-12 

76. Brindle P, Linke S, Montminy M. 1993. 
Nature 364:821-24 

77. Quinn PG. 1993. J. Biol. Chem. 268: 
16999-7009 

78. Chrivia JC, Kwok RP, Lamb N, Hagiwara 
M, Montminy MR, Goodman RH. 1993. 
Nature 365:855-59 

79. Parker D, Ferreri K, Nakajima T, Morte 
VJL, Evans R, et al. 1996. Mol. Cell. Biol. 
16:694-703 

80. Kwok RP, Lundblad JR, Chrivia JC, 
Richards JP, Bachinger HP, et al. 1994. 
Nature 370:223-26 

81 . Arias J, Alberts AS, Brindle P, Claret FX, 
Smeal T, et al. 1994. Nature 370:226-29 

82. SunPQ.MaurerRA. 1995. J. Biol. Chem. 
270:7041-44 

83. Radhakrishnan I, Perez-Alvarado GC, 
Parker D, Dyson HJ, Montminy MR, 
Wright PE. 1997. Cell 91:741-52 

84. Shih HM, Goldman PS, DeMaggio AJ, 
Hollenberg SM, Goodman RH, Hoekstra 
MF. 1996. Proc. Natl. Acad. Sci. USA 93: 
13896-901 

85. Eckner R, Ewen ME, Newsome D, Gerdes 
M, DeCaprio JA, et al. 1994. Genes Dev. 
8:869-84 

86. Arany Z, Sellers WR, Livingston DM, 
Eckner R. 1994. Cell 77:799-800 

87. Lundblad JR, Kwok RP, Laurance ME, 
Harter ML, Goodman RH. 1995. Nature 
374:85-88 

88. Kawasaki H, Eckner R, Yao TP, Taira K, 
Chiu R, et al. 1998. Nature 393:284-89 

89. Yao T-P, Oh SP, Fuchs M, Zhou N-D, 
Ch'ng L-E, et al. 1998. Cell 93:361-72 

90. Berger SL, Pina B, Silverman N, Marcus 
GA, Agapite J, et al. 1 992. Cell 70:25 1-65 



858 SHAYWITZ & GREENBERG 



91. Barlev NA, Candau R, Wang LA, 
Darpino P, Silverman N, Berger SL. 
1995../. Biol. Chem. 270:19337-44 

92. Haynes SR, Dollard C, Winston F, Beck 
S, Trowsdale J, Dawid IB. 1992. Nucleic 
Acids Res. 20:2603 

93. Chiba H, Muramatsu M, Nomoto A, 
Kato H. 1994. Nucleic Acids Res. 
22:1815-20 

94. Kee BL, Arias J, Montminy MR. 1996. 
J. Biol. Chem. 271:2373-75 

95. Nakajima T, Uchida C, Anderson SF, 
Parvin JD, Montminy M. 1997. Genes 
Dev. 11:738-47 

96. Cho H, Orphanides G, Sun X, Yang X-J, 
Ogryzko V, et al. 1998. Mol. Cell. Biol. 
18:5355-63 

97. Nakajima T, Uchida C, Anderson SF, Lee 
CG, Hurwitz J, et al. 1997. Cell 90: 
1107-12 

98. Yang XJ, Ogryzko VV, Nishikawa J, 
Howard BH, Nakatani Y. 1996. Nature 
382:319-24 

99. Ogryzko VV, Schiltz RL, Russanova V, 
Howard BH, Nakatani Y. 1996. Cell 87: 
953-59 

100. Bannister AJ, Kouzarides T. 1996. 
Nature 384:641-43 

101. Struhl K. 1998. Genes Dev. 12:599-606 

102. Korzus E, Torchia J, Rose DW, Xu L, 
Kurokawa R, et al. 1998. Science 279: 
703-7 

103. Petrij F, Giles RH, Dauwerse HG, Saris 
JJ, Hennekam RC, et al. 1995. Nature 
376:348-51 

104. Tanaka Y, Naruse I, Maekawa T, Masuya 
H, Shiroishi T, Ishii S. 1997. Proc. Natl. 
Acad. Sci. USA 94:10215-20 

105. Janknecht R, Hunter T. 1996. Nature 
383: 22-23 

106. Xing LP, Quinn PG. 1994. J. Biol. Chem. 
269:28732-36 

107. Ferreri K, Gill G, Montminy M. 1994. 
Proc. Natl. Acad. Sci. USA 91:1210-13 

108. Xing LP, Gopal VFC, Quinn PG. 1995. J. 
Biol. Chem. 270:17488-93 

109. Gill G, Pascal E, Tseng ZH, Tjian R. 
1994. Proc. Natl. Acad. Sci. USA 
91:192-96 



110. Walton KM, Rehfuss RP, Chrivia JC, 
Lochner JE, Goodman RH. 1992. Mol. 
Endocrinol. 6:647-55 

111. Ahn S, Olive M, Aggarwal S, Krylov D, 
Ginty DD, Vinson C. 1998. Mol. Cell. 
Biol. 18:967-77 

111a. Strader CD, Fong TM, Tota MR, 
Underwood D, Dixon RAF. 1994. 
Annu. Rev. Biochem. 63:101-32 

112. Gilman AG. 1987. Annu. Rev. 
Biochem. 56:615—49 

113. Taylor SS, Buechler JA, Yonemoto W. 
1990. Annu. Rev. Biochem. 
59:971-1005 

114. Hagiwara M, Alberts A, Brindle P, 
Meinkoth J, Feramisco J, et al. 1992. 
Cell 70: 105- 13 

1 1 5. Enslen H, Sun PQ, Brickey D, Soder- 
ling SH, Klamo E, Soderling TR. 1994. 
J. Biol. Chem. 269:15520-27 

116. Alberts AS, Arias J, Hagiwara M, 
Montminy MR, Feramisco JR. 1 994. J. 
Biol. Chem. 269:7623-30 

117. Greenberg ME, Greene LA, Ziff EB. 
1985.7. Biol. Chem. 260:14101-10 

118. Cohen P. 1989. Annu. Rev. Biochem. 
58: 453-508 

119. Wadzinski BE, Wheat WH, Jaspers S, 
Peruski LF Jr, Lickteig RL, et al. 1993. 
Mol. Cell. Biol. 13:2822-34 

120. Sasaki K, Cripe TP, Koch SR, 
Andreone TL, Petersen DD, et al. 1984. 
J. Biol. Chem. 259:15242-51 

121. Armstrong R, Wen W, Meinkoth J, Tay- 
lor S, Montminy M. 1995. Mol. Cell. 
Biol. 15: 1826-32 

122. Lamas M, Sassone-Corsi P. 1997. Mol. 
Endocrinol. 11:1415-24 

123. Liu FC, Graybiel AM. 1996. Neuron 
17: 1133-44 

124. Roesler WJ, Graham JG, Kolen R, 
Klemm DJ. McFie PJ. 1995. J. Biol. 
Chem. 270: 8225-32 

125. Yeagley D, Agati JM, Quinn PG. 1998. 
J. Biol. Chem. 273:18743-50 

126. Liu F, Thompson MA, Wagner S, 
Greenberg ME, Green MR. 1993. J. 
Biol. Chem. 268:6714-20 



SIGNALING THROUGH CREB 859 



127. Ellis MJ, Lindon AC, Flint KJ, Jones NC, 
Goodboum S. 1995. Mol. Endocrinol. 9: 
255-65 

128. Sheng M, Dougan ST, McFadden G, 
GreenbergME. 1988. Mol. Cell. Biol. 8: 
2787-96 

129. Ginty DD, Bonni A, Greenberg ME. 
1994. Cell 77:713-25 

130. Reusch JE, Hsieh P, Klemm D, Hoeffler 
J, Draznin B. 1994. Endocrinology 135: 
2418-22 

131. Xing J, Ginty DD, Greenberg ME. 1996. 
Science 273:959-63 

132. Blenis J, Chung J, Erikson E, Alcorta 
DA, Erikson RL. 1991. Cell Growth Dif- 
fer. 2:279-85 

133. Blenis J. 1993. Proc. Natl. Acad. Sci. 
USA 90:5889-92 

134. Chen R, Sarnecki C, Blenis J. 1992. Mol. 
Cell. Biol. 12:915-27 

135. Xing J, Kornhauser JM, Xia Z, Thiele 
EA, Greenberg ME. 1998. Mol. Cell. 
Biol. 18:1946-55 

136. Han JH, Lee J-D, Jiang Y, Li ZG, Feng 
LL, Ulevitch RJ. 1996. J. Biol. Chem. 
271:2886-91 

1 37. Rouse J, Cohen P, Trigon S, Morange M, 
Alonso-Llamazares A, et al. 1994. Cell 
78:1027-37 

138. McLaughlin MM, Kumar S, McDonnell 
PC, Van Horn S, Lee JC, et al. 1996. J. 
Biol. Chem. 271:8488-92 

139. Dudley DT, Pang L, Decker SJ, Bridges 
A J, Saltiel AR. 1995. Proc. Natl. Acad. 
Sci. USA 92:7686-89 

140. Cuenda A, Rouse J, Doza YN, Meier R, 
Cohen P, et al. 1995. FEBS Lett. 364: 
229-33 

141. Tan Y, Rouse J, Zhang AH, Cariati S, 
Cohen P, Comb MJ. 1996. EMBO J. 
15:4629-42 

142. Deak M, Clifton AD, Lucocq JM, Alessi 
DR. 1998. EMBO J. 17:4426-41 

143. Trivier E, De Cesare D, Jacquot S, Pan- 
netier S, Zackai E, et al. 1996. Nature 
384:567-70 

144. De Cesare D, Jacquot S, Hanauer A, Sas- 
sone-Corsi P. 1998. Proc. Natl. Acad. Sci. 
USA 95:12202-7 



145. Janknecht R, Nordheim A. 1996. Onco- 
gene 12:1961-69 

146. Finkbeiner S, Tavazoie SF, Maloratsky 
A, Jacobs KM, Harris KM, Greenberg 
ME. 1997. Neuron 19:1031-47 

147. Nakajima T, Fukamizu A, Takahashi J, 
Gage FH, Fisher T, et al. 1 996. Cell 86: 
465-74 

148. Quinn PG. 1994. J. Biol. Chem. 269: 
14375-78 

149. Gabbay RA, Sutherland C, Gnudi L, 
Kahn BB, O'Brien RM, et al. 1996. ./. 
Biol. Chem. 271:1890-97 

150. Sutherland C, Waltner-Law M, Gnudi L, 
Kahn BB, Granner DK. 1998. J. Biol. 
Chem. 273:3198-204 

151. Pende M, Fisher TL, Simpson PB, Rus- 
sell JT, Blenis J, Gallo V. 1997. J. Neu- 
rosci. 17:1291-301 

152. Ghosh A, Greenberg ME. 1995. Science 
268:239-47 

153. Greenberg ME, Ziff EB, Greene LA. 
\9%6. Science 234:80-83 

154. Morgan JI, Curran T. 1986. Nature 322: 
552-55 

155. Fisch TM, Prywes R, Roeder RG. 1987. 
Mol. Cell. Biol. 7:3490-502 

156. Gilman MZ, Wilson RN, Weinberg RA. 
1986. Mol. Cell. Biol. 6:4305 16 

1 57. Fisch TM, Prywes R, Simon MC, Roeder 
RG. 1989. Genes Dev. 3:198-211 

1 58. Sassone-Corsi P, Visvader J, Ferland L, 
Mellon PL, Verma IM. 1988. Genes Dev. 
2:1529-38 

159. Sheng M, McFadden G, Greenberg ME. 
1990. Neuron 4:571-82 

160. de Groot RP, den Hertog J, Vandenheede 
JR, Goris J, Sassone-Corsi P. 1993. 
EMBO J. 12:3903-11 

161. Sun PQ, Lou LM, MaurerRA. 1996. J. 
Biol. Chem. 271:3066-73 

162. Braun AP, Schulman H. 1995. Anna. Rev. 
Neurosci. 57:417-45 

163. Tokumitsu H, Enslen H, Soderling TR. 
1995. J. Biol. Chem. 270:19320-24 

164. Dash PK, Karl KA, Colicos MA, Prywes 
R, Kandel ER. 1991. Proc. Natl. Acad. 
Sci. USA 88:5061-65 



860 SHAYWITZ & GREENBERG 



165. Sun PQ, Enslen H, Myung PS, Maurer 
RA. 1994. Genes Dev. 8:2527-39 

166. Matthews RP, Guthrie CR, Wailes LM, 
Zhao XY, Means AR, McKnight GS. 

1994. Mol. Cell. Biol. 14:6107-16 

167. Nguyen TV, Kobierski L, Comb M, 
Hyman SE. 1990. J. Neurosci. 10: 
2825-33 

168. Bading H, Ginty DD, Greenberg ME. 
1993. Science 260:181-86 

169. Bito H, Deisseroth K, Tsien RW. 1996. 
Cell 87:1203-14 

170. Nakamura Y, Okuno S, Sato F, Fujisawa 
H. 1995. Newoscience 68:181-94 

171. Picciotto MR, Zoli M, Bertuzzi G, Nairn 
AC. 1995. Synapse 20:75-84 

172. Chawla S, Hardingham GE, Quinn DR, 
Bading H. 1 998. Science 281:1 505-9 

173. Bading H, Greenberg ME. 1991. Science 
253:912-14 

1 74. Rosen LB, Ginty DD, Weber MJ, Green- 
berg ME. 1994. Neuron 12:1207-21 

1 75. Rusanescu G, Qi H, Thomas SM, Brugge 
JS, Halegoua S. 1995. Neuron 15: 
1415-25 

176. Finkbeiner S, Greenberg ME. 1996. Neu- 
ron 16:233-36 

177. Lev S, Moreno H, Martinez R, Canoll P, 
Peles E, et al. 1995. Nature 376:737-45 

178. Farnsworth CL, Freshney NW, Rosen 
LB, Ghosh A, Greenberg ME, Feig LA. 

1995. Nature 376:524-27 

179. Rosen LB, Greenberg ME. 1996. Proc. 
Natl. Acad. Sci. USA 93: 1 1 1 3-1 8 

180. Xia Z, Storm DR. 1996. Regulatory 
Properties of the Mammalian Adenylyl 
Cyclases. Austin, TX: Chapman & Hall. 
172 pp. 

181. Stewart AA, Ingebritsen TS, Manalan A, 
Klee CB, Cohen P. 1982. FEBS Lett. 
137:80-84 

182. Stemmer PM, Wang XT, Krinks MH, 
KleeCB. 1995. FEBS Lett. 374:237-40 

183. Wang XT, Culotta VC, KleeCB. 1996. 
Nature 383:434-37 

184. Parker D, Jhala US, Radhakrishnan I, 
Yaffe MB, Reyes C, et al. 1998. Mol. 
Cell 2:353-59 



1 85. Shimomura A, Ogawa Y, Kitani T, Fuji- 
sawa H, Hagiwara M. 1996. J. Biol. 
Chem. 271:17957-60 

186. Deisseroth K, Bito H, Tsien RW. 1996. 
Neuron 16:89-101 

186a. Carrion AM, Link WA, Ledo F, Mell- 
strom B, Naranjo JR. 1999. Nature 
398:80-84 

187. Yao H, York RD, Misra-Press A, Carr 
DW, Stork PJ. 1998. J. Biol. Chem. 
273: 8240-^7 

1 88. Impey S, Obrietan K, Wong ST, Poser 
S, Yano S, et al. 1998. Neuron 
21:869-83 

1 89. Tao X, Finkbeiner S, Arnold DB, Shay- 
witz AJ, Greenberg ME. 1998. Neuron 
20:709-26 

1 90. Shieh PB, Hu SC, Bobb K, Timmusk T, 
Ghosh A. 1998. Neuron 20:727-40 

191. Ghosh A, Carnahan J, Greenberg ME. 
1994. Science 263:1618-23 

192. Gallin WJ, Greenberg ME. 1995. Curr. 
Opin. Neurobiol. 5:367-74 

1 93. Gray PC, Tibbs VC, Catterall WA, Mur- 
phy BJ. 1997. J. Biol. Chem. 272: 
6297-302 

194. Deisseroth K, Heist EK, Tsien RW. 
1998. Atowre 392:198-202 

195. Hardingham GE, Chawla S, Johnson 
CM, Bading H. 1997. Nature 385: 
260-65 

196. Dotmetsch RE, Lewis RS, Goodnow 
CC, Healy JI. 1997. Nature 386:855-58 

197. Fields RD, Eshete F, Stevens B, Itoh K. 
1997. J. Neurosci. 17:7252-66 

198. Dolmetsch RE, Xu K, Lewis RS. 1998. 
Nature 392:933-36 

199. Scott BS, Fisher KC. 1970. Exp. Neu- 
rol. 27:16-22 

200. Franklin JL, Johnson EM. 1992. Trends 
Neurosci. 15:501-8 

201 . Lewin GR, Barde YA. 1996. Annu. Rev. 
Neurosci. 19:289-317 

202. Kang HJ, Schuman EM. 1995. Science 
267:1658-62 

203. Kang HJ, Schuman EM. 1995. J. Phys- 
iol. 89:11-22 



SIGNALING THROUGH CREB 861 



204. Xie HJ, Rothstein TL. 1 995. J. Immunol. 
154:1717-23 

205. Xie HJ, Wang ZH, Rothstein TL. 1996. 
Cell. Immunol. 169:264-70 

206. Muthusamy N, Leiden JM. 1998. J. Biol. 
Chem. 273:22841-47 

207. WoodgettJR. 1994. Semin. Cancer Biol. 
5:269-75 

208. Fiol CJ, Williams JS, Chou CH, Wang 
QM, Roach PJ, Andrisani OM. 1994. J. 
Biol. Chem. 269:32187-93 



209. de Groot RP, Derua R, Goris J, Sassone- 
Corsi P. 1993. Mol. Endocrinol. 7: 
1495-50 

210. de Groot RP, Ballou LM, Sassone-Corsi 
P. 1994. Cell 79:81-91 

211. Brocke L, Srinivasan M, Schulman H. 
1995. J. Neurosci. 15:6796-808 

212. Heist EK, Srinivasan M, Schulman H. 
1998. J. Biol. Chem. 273:19763-71 



Annual Review of Biochemistry 
i Volume 68, 1999 



CONTENTS 

Prefatory: It All Started on a Streetcar in Boston, Celia White Tabor and 
Herbert Tabor 

Catalysis by Metal-Activated Hydroxide in Zinc and Manganese 

Metalloenzymes, David W. Christianson and J. David Cox 

Conus Peptides Targeted to Specific Nicotinic Acetylcholine Receptor 

Subtypes, J. Michael Mcintosh, Ameurfina D. Santos, and Baldomero M. 

Olivera 

Inorganic Polyphosphate: A Molecule of Many Functions, Arthur 

Kornberg, Narayana N. Rao, and Dana Ault-Riche 

The Molecular Basis of Hypertension, David L. Garbers and Susan K. 

Dubois 

Sterols and Isoprenoids: Signaling Molecules Derived from the 
Cholesterol Biosynthetic Pathway, Peter A. Edwards andJohan Ericsson 

Ciliate Telomerase Biochemistry, Kathleen Collins 

Tolerance and Specificity of Polyketide Synthases, Chaitan Khosla, 
Rajesh S. Gokhale, John R. Jacobsen, and David E. Cane 

Initiation of Base Excision Repair: Glycosylase Mechanisms and 
Structures, Amanda K. McCullough, M. L. Dodson, and R. Stephen 
Lloyd 

Structural Motifs in RNA, P. B. Moore 

Transcription Elongation and Human Disease, Joan Weliky Conaway and 
Ronald C. Conaway 

CONTROL OF CARPEL AND FRUIT DEVELOPMENT IN 
ARABIDOPSIS, Cristina Ferrdndiz, Soraya Pelaz, and Martin F. 
Yanofsky 

The Tetrahydropterin-Dependent Amino Acid Hydroxylases, Paul F. 
Fitzpatrick 

Mammalian Caspases: Structure, Activation, Substrates and Functions 
During Apoptosis, William C. Earnshaw, Luis M. Martins, and Scott H. 
Kaufmann 

Cellular and Molecular Biology of the Aquaporin Water Channels, Mario 
Borgnia, Seren Nielsen, Andreas Engel, and Peter Agre 

Regulation of the Cytoskeleton and Cell Adhesion by the Rho Family 
GTPases in Mammalian Cells, K. Kaibuchi, S. Kuroda, and M. Amano 



Mutagenesis of Glycosidases, Hoa D. Ly and Stephen G. Withers 487 

Charting the Fate of the "Good Cholesterol": Identification and 

Characterization of the High-Density Liproprotein Receptor SR-B, Monty 523 

Krieger 

Nuclear-Receptor Ligands and Ligand-Binding Domains, Ross V. ^ 
Weatherman, Robert J. Fletterick, and Thomas S. Scanlan 



The Anaphase-Promoting Complex: New Subunits and Regulators, A.M. ^ 
Page, and P. Hieter 

In Vitro Selection of Functional Nucleic Acids, David S. Wilson and Jack ^ ^ ^ 

W. Szostak 

MCM Proteins in DNA Replication, Bik K. Tye 649 
Structural Mechanism of Muscle Contraction, M. A. Geeves and K. C. ^ 
Holmes 

Functions of Cell Surface: Heparan Sulfate Proteoglycans, Merton 

Bernfteld, Martin Gotte, Pyong Woo Park, Ofer Reizes, Marilyn L. 729 

Fitzgerald, John Lincecum, and Masahiro Zako 

De Novo Design and Structural Characterization of Proteins and 

Metalloproteins, William F. DeGrado, Christopher M. Summa, Vincenzo 779 

Pavone, Flavia Nastri, and Angela Lombardi 

CREB: A Stimulus-Induced Transcription Factor Activated by a Diverse 

Array of Extracellular Signals, Adam J. Shaywitz and Michael E. 821 

Greenberg 

Membrane Fusion and Exocytosis, Reinhard Jahn and Thomas C. Siidhof 863 

eIF4 Initiation Factors: Effectors of mRNA Recruitment to Ribosomes 

and Regulators of Translation, Anne-Claude Gingras, Brian Raught, and 913 

Nahum Sonenberg 

AKT/PKB and Other D3 Phosphoinositide-Regulated Kinases: Kinase 

Activation by Phosphoinositide-Dependent Phosphorylation, Tung O. 965 

Chan, Susan E. Rittenhouse, and Philip N. Tsichlis 

The 26S Proteasome: A Molecular Machine Designed for Controlled 

Proteolysis, D. Voges, P. Zwickl, and W. Baumeister 



EXHIBIT A 



cv 

Name: Prof. Jose Remade 



Institute: URBC, University of Namur, 61 Rue de Bruxelles, 5000 Namur, Belgium 
Jose.remacle@fundp.ac.be . Director of the laboratory 

Eppendorf Array Technologies, sa 20 Rue du Seminaire , 5000, Namur, Belgium 
Remac le. i @eppendorf . be . Director of the R-D 

Education and profession: 



1970 PhD Department of Science, University of Louvain, Belgium 

1973 Postdoc, Rockefeller University, NY, USA 

1974 Postdoc, UCSD, San Diego, USA 
1974 Professor University of Namur, Belgium 

1 999 Founder of the spin off company "Advanced Array Technology" 

2002 Director R-D Eppendorf Array Technologies (EAT) 



Research Interests: Development of new DNA and protein biochips platform for genomic and for 
gene expression. Use of protein chips in complementation to the proteomic analysis by 2-D gel and 
mass spectra analysis. Applications for research as well as for diagnostic applications such as cancer 
prognostic and bacterial identification. Numerous collaborations with many research laboratories. 
Development and production of 8 biochips of gene expression analysis and genomic chips for the 
detection of bacteria. 

Professional Experience: 

Joined the University of Namur in 1974 and starting the laboratory for biochemistry and cell biology. 
Head of the laboratory since 1974. 

Starting the research unit in cell biology (URBC) in 1997. The, URBC is now composed of 65 
researchers and technicians. 

Member of many national and international committees, EEC expert in biotechnology programs. 
R-D Director of Eppendorf Array Technologies, S.A. 

Publications 

The author's scientific output consists of 35 1 research papers in peer-reviewed international 
journals and inventor of 47 filed patents 



5 Publications 5 last years 

1 . I. Alexandre, S. Hamels, S. Dufour, J. Collet, N. Zammatteo, F. De Longueville, J.-L. Gala 
and J. Remacle, Colorimetric Silver Detection of DNA Microarrays, Anal. Biochem., 295, 1-8, 2001 
(Impact fact. 0.332). 

2. I. Alexandre, Y. Houbion, J. Collet, S. Hamels, J. Demarteau, J.-L. Gala and J. Remacle, 
Compact Disc with both numeric and genomic information as DNA microarray platform, 
Biotechniques, 33, 435-439, 2002 (Impact fact 1 .946). 

3. T. Arnould, R. Thibaut-Vercruyssen, N. Bouaziz, M. Dieu, J. Remacle and C. Michiels, 
PGF2a, Prostanoid Released by Endothelial Cells Activated by Hypoxia, Is a Chemoattractant 
Candidate for Neutrophil Recruitment, American Journal of Pathology, 159, 345-357, 2001 (Impact 
fact. 7.246). 

4. T. Arnould, S. Vankoningsloo, P. Renard, A. Houbion, N. Ninane, C. Demazy, J. Remacle and 
M. Raes, CREB activation induced by mitochondrial dysfunction is a new signaling that impairs cell 
proliferation, EMBO J, 21, 53-63, 2002 (Impact fact. 13.255). 

5. N. Berna, T. Arnould, J. Remacle and C. Michiels, Hypoxia-induced increase in intracellular 
calcium concentration in endothelial cells: role f the Na+-glucose cotransporter, J Cell Biochem, 84, 
1 15-13 1, 2002 (Impact fact. 3.471). 

6. G. Bestel-Corre, E. Dumas-Gaudot, V. Poinsot, M. Dieu, J.-F. Dierick, D. Van Tuinen, J. 
Remacle, V. Gianinnazzi-Pearson and S. Gianinazzi, Proteome analysis and identification of 
symbiosis-related proteins from Medicago truncatula, Electrophoresis, 23, 122-137, 2002 (Impact fact. 
2.467). 

7. F. Bieswal, M. T. Ahn, B. Reusens, P. Holvoet, M. Raes, W. D. Rees and C. Remacle, The 
importance of catch-up growth after early malnutrition for the programming of obesity, Obesity 
Research, submitted (Impact fact. 3.409). 

8. N. Bouaziz, M. Redon, L. Quere, J. Remacle and C. Michiels, Mitochondrial respiratory chain 
as a new target for anti-ischemic molecules, Eur. J. Pharm., 441 , 35-45, 2002 (Impact fact. 1 .96). 

9. F. Chainiaux, J. P. Magalhaes, F. Eliaers, J. Remacle and O. Toussaint, UVB-induced 
premature senescence of human diploid skin fibroblasts, Int J Biochem Cell Biol, 34, 1331-9, 2002 
(Impact fact. 1.124). 

10. F. Chainiaux, J. Remacle and O. Toussaint, Exposure of skin human diploid fibroblasts to 
repeated subcytotoxic doses of UVB induces the overexpression of the TGF-Bl mRNA, Ann. N.Y. 
Acad. Sci., 973, 44-48, 2002 (Impact fact. 1030). 

11. F. De Longueville, F. A. Atienzar, L. Marcq, S. Dufrane, S. Evrard, L. Wouters, F. Leroux, V. 
Bertholet, B. Gerin, R. Whomsley, T. Arnould, J. Remacle and M. Canning, Use a low-density 
microarray for studying gene expression patterns induced by hepatotoxicants on primary cultures of 
rat hepatocytes., Toxicological Sciences, 75, 378-392, 2003 (Impact fact. 2.734). 

12. F. De Longueville, D. Surry, G. Meneses-Lorente, V. Bertholet, V. Talbot, S. Evrard, N. 
Chandelier, A. Pike, P. Worboys, J. P. Rasson, B. Le Bourdelles and J. Remacle, Gene expression 
profiling of drug metabolism and toxicology markers using a. low-density DNA microarray, 
Biochemical Pharmacology, 64, 137-149, 2002 (Impact fact. 2.612). 

13. J. P. de Magalhaes, F. Chainiaux, F. De Longueville, V. Mainfroid, V. Migeot, L. Marcq, J. 
Remacle, M. Salmon and O. Toussaint, Gene expression and regulation in H202-induced premature 
senescence of human fibroblasts expressing or not telomerase, Experimental gerontology, 39, 1379- 
1389, 2004 (Impact fact. 2,493). 

14. J. P. de Magalhaes, F. Chainiaux, J. Remacle and O. Toussaint, Stress-induced premature 
senescence in BJ and hTERT-BJl human foreskin fibroblasts, FEBS Lett, 523, 157-62., 2002 (Impact 
fact. 3.750). 



1 5. F. Debacq-Chainiaux, C. Borlon, T. Pascal, V. Royer, F. Eliaers, N. Ninane, G. Carrard, B. 
Friguet, F. De Longueville, S. Boffe, J. Remacle and 0. Toussaint, Repeated exposure of human skin 
fibroblasts to UVB at subcytotoxic level triggers premature senescence through the TGF-pM signaling 
pathway, Journal of Cell Science, 118, 743-758, 2005 (Impact fact. 

16. J.-F. Dierick, M. Dieu, J. Remacle, M. Raes, P. Roepstorff and O. Toussaint, Proteomics in 
experimental gerontology, Experimental gerontology, 37, 721-734, 2002 (Impact fact. 2.493). 

17. J.-F. Dierick, T. Pascal, F. Chainaux, F. Eliaers, J. Remacle, P. Mose Larsen, P. Roepstorff 
and O. Toussaint, Transcriptome and proteome analysis in human senescent fibroblasts and fibroblasts 
undergoing premature senescence induced by repeated sublethal stresses, in "Molecular and Cellular 
Gerontology", (Eds), Annals of the New York Academy of Sciences, 908, 302-305, 2000. 

18. J. F. Dierick, F. Eliaers, J. Remacle, M. Raes, S. J. Fey, P. M. Larsen and O. Toussaint, Stress- 
induced premature senescence and replicative senescence are different phenotypes, proteomic 
evidence, Biochem Pharmacol, 64, 101 1-7, 2002 (Impact fact. 2.263). 

19. J. F. Dierick, T. Pascal, F. Chainiaux, F. Eliaers, J. Remacle, M. Larsen, Roepstorff and O. 
Toussaint, Transcriptome analysis and proteome analysis in human sensescent fibroblasts and 
fibroblasts undergoing premature senescence induced by repeated sublethal stresses, Ann. NY Acad. 
Sci., 908, 302-305, 2000 (Impact fact. 1.030). 

20. J. F. Dierick, F. Wenders, F. Chainiaux, J. Remacle, F. A. B. and O. Toussaint, Retrovirally 
mediated overexpression of peroxiredoxin VI increases the survival of WI-38 human diploid 
fibroblasts exposed to cytotoxic doses of tert-butylhydroperoxide and UVB, Biogerontology, 4, 125- 
131,2003 (Impact fact. 1.938). 

21. P. Dumont, L. Balbeur, J. Remacle and O. Toussaint, Appearance of biomarkers of in vitro 
ageing after successive stimulations of WI-38 fibroblasts with IL-la: senescence associated b- 
galactosidase activity and morphotype transition, J. Anat., 197, 529-537, 2000 (Impact fact. 1.384). 

22. P. Dumont, M. Burton, Chen, C. Frippiat, T. Pascal, J. F. Dierick, J. Remacle and O. 
Toussaint, Human diploid fibroblasts display a decreased level of c-fos mRNA at 72 hrs after exposure 
to sublethal H202 stress, Ann. NY Acad. Sci., 908, 306-3 1 1, 2000 (Impact fact. 1 .030). 

23. P. Dumont, M. Burton, Q. M. Chen, E. S. Gonos, C. Frippiat, J. B. Mazarati, F. Eliaers, J. 
Remacle and O. Toussaint, Induction of replicative senescence biomarkers by sublethal oxidative 
stresses in normal human fibroblast, Free Rad. Biology & Medicine, 28, 361-373, 2000 (Impact fact. 
3.783). 

24. P. Dumont, F. Chainiaux, J. F. Dierick, J. Remacle and O. Toussaint, Vieillissement cellulaire 
et senescence replicative, in "Gerontologie preventive. Elements de prevention du vieillissement 
pathologique", C. Trivalle (Eds), Masson Editions, 25-34, 2002. 

25. P. Dumont, F. Chainiaux, F. Eliaers, C. Petropoulou, J. Remacle, C. Koch-Brandt, E. S. Gonos 
and O. Toussaint, Overexpression of apolipoprotein J in human fibroblasts protects against 
cytotoxicity and premature senescence induced by ethanol and tert-butylhydroperoxide, Cell Stress 
Chaperones, 7, 23-35, 2002 (Impact fact. 

26. P. Dumont, V. Royer, C. Frippiat, T. Pascal, J. Remacle and O. Toussaint, Radicaux libres et 
antioxydants dans le vieillissement, in "Gerontologie preventive. Elements de prevention du 
vieillissement pathologique", C. Trivalle (Eds), Masson Editions, 35-49, 2002. 

27. I. Ernest, I. Alexandre, N. Zammatteo, M. Herman, A. Houbion, F. De Leener, K. Fransen, G. 
van der Groen and J. Remacle, Quantitative assay for group M (subtype A-H) and group O HIV-1 
RNA detection in plasma, J. Virological Methods, 93, 1-14, 2001 (Impact fact. 1.557). 

28. B. Foultier, L. Moreno-Hagelsieb, D. Flandre and J. Remacle, Comparison of DNA detection 
methods using nanoparticles and silver enhancement, IEE Proc. - Nanotbiotechnol., 1 52, 3-12, 2005 
(Impact fact. 



29. C. Frippiat, Q. M. Chen, J. Remacle and O. Toussaint, Cell cycle regulation in H202-induced 
premature senescence of human diploid fibroblasts and regulatory control exerted by the papilloma 
virus E6 and E7 proteins, Exp. Gerontol., 35, 733-745, 2000 (Impact fact. 1.629). 

30. C. Frippiat, Q. M. Chen, S. Zdanov, J. P. Magalhaes, J. Remacle and O. Toussaint, 
Subcytotoxic H202 stress triggers a release of transforming growth factor-bl, which induces 
biomarkers of cellular senescence of human diploid fibroblasts, J. Biol. Chem., 276, 253 1-2537, 2001 
(Impact fact. 7.452). 

31. C. Frippiat, J. Dewelle, J. Remacle and O. Toussaint, Signal transduction in H202-induced 
senescence-like phenotype in human diploid fibroblasts, Free Rad. Biol. & Medicine, 33, 1334-1346, 
2002 (Impact fact. 3.783). 

32. C. Frippiat, J.-F. Dierick, J. Remacle and O. Toussaint, Consideration of heteroduplexes and 
homoduplexes for the quantification by competitive PCR of human mitochondrial DNA deletions with 
ageing of tissues and cells, Biogerontology, 1, 279-283, 2000 (Impact fact 

33. C. Frippiat, J. Remacle and O. Toussaint, Down-regulation and decreased activity of cyclin- 
dependent kinase 2 in H202-induced premature senescence, The International Journal of Biochemstry 
& Cell Biology, 1361, 1-9, 2002 (Impact fact. 1 124). 

34. J.-P. Gillet, T. Efferth, S. D., J. Hamels, F. De Longueville, V. Bertholet and J. Remacle, 
Microarray-based detection of Multidrug Resistance in Human Tumor Cells by Expression Profiling 
of ATP-binding Cassette Transporter Genes, Cancer Research, 34, 8987-8993, 2004 (Impact fact. 
8,649). 

35. S. Hamels, J.-L. Gala, S. Dufour, P. Vannuffel, N. Zammatteo and J. Remacle, Consensus 
PCR and microarray for diagnosis of the genus Staphylococcus, species, and Methicillin resistance, 
Biotechniques, 31, 1364-1372, 2001 (Impact fact. 1.946). 

36. L. Hevesi, L. Jeanmart and J. Remacle, Method for obtaining a surface activation of a solid 
support for building biochips microarrays, brevet EU 00870184.9 filed in August 2000, 2000. 

37. D. Janssens, E. Delaive, A. Houbion, F. Eliaers, J. Remacle and C. Michiels, Effect of 
venotropic drugs on the respiratory activity of isolated mitochondria and in endothelial cells, British 
Journal of Pharmacology, 130, 1513-1524, 2000 (Impact fact. 4.075). 

38. D. Janssens, E. Delaive, J. Remacle and C. Michiels, Protection by bilobalide of the 
ischaemia-induced alterations of the mitochondrial respiratory activity, Fundam. Clin. Pharm., 14, 
193-20 1,2000 (Impact fact. 1.053). 

39. M. Lacroix, N. Zammatteo, J. Remacle and G. Leclercq, A low-density DNA microarray for 
analysis of markers in breast cancer, The International Journal of Biological Markers, 17, 5-23, 2002 
(Impact fact. 1 .467). 

40. F. Lebon, M. Ledecq, M. Dieu, C. Demazy, J. Remacle, R. Lapouyade, O. Kahn and F. 
Durant, Synthesis and structural analysis of the copper(II) complexes of N2-(2-pyridylmethyl)-2- 
pyridinecarboxamide, J. Inorg. Biochem, 86, 547-554, 2001 (Impact fact. 2.343). 

41 . J. Legault, C. Carrier, P. Petrov, P. Renard, J. Remacle and M. E. Mirault, Mitochondrial 
GPxl decreases induced but not basal oxidative damage to mtDNA in T47D cells, Biochem. Biophys. 
Res. Commun., 272, 416-422, 2000 (Impact fact. 2.872). 

42. G. Michel, E. Minet, I. Ernest, I. Roland, F. Durant, J. Remacle and C. Michiels, A model for 
the complex between the hypoxia-inducible factor- 1 (HIF-1) and its consensus DNA sequence, J. 
Biomolecular Structure & Dynamics, 18, 2000 (Impact fact. 1.500). 

43. G. Michel, E. Minet, D. Mottet, J. Remacle and C. Michiels, Site-directed mutagenesis studies 
of the hypoxia-inducible factor- la DNA-binding domain, Biochim. Biophys. Acta, 1578, 73-83, 2002 
(Impact fact. 2.430). 

44. C. Michiels, T. Arnould and J. Remacle, Endothelial cell responses to hypoxia: initiation of a 
cascade of cellular interactions, Biochim. Biophys. Acta, 1497, 1-10, 2000 (Impact fact. 3.17). 



45. C. Michiels, D. Mottet, E. Delaive, M. Dieu, J.-F. Dierick and J. Remade, Cardiovascular 
genomics: new pathophysiological concepts, Proceedings of the 2001 European Science Foundation 
Workshop, at "Cardiovascular proteomics: effect of hypoxic conditions", P. A. Doevendans and S. 
Kaab (Eds), Maastricht, Kluwer Acadmic Publishers, 21-28, 2001 . 

46. C. Michiels, J. Remacle and N. Bouaziz, Endothelium and Venotropic Drugs in Chronic 
Venous Insufficiency: review, Phlebology, 17, 145-150, 2002. 

47. E. Minet, T. Arnould, G. Michel, I. Roland, D. Mottet, M. Raes, J. Remacle and C. Michiels, 
ERK activation upon hypoxia: involvement in HIF-1 activation, FEBS Let., 468, 53-58, 2000 (Impact 
fact. 3.750). 

48. E. Minet, G. Michel, J. Remacle and C. Michiels, Role of HIF-1 as a transcription factor 
involved in embryonic development, cancer progression and apoptosis (Review), Int. J. Molecular 
Medicine, 5, 253-259, 2000 (Impact fact. 1.689). 

49. R. Pampin, B. Foultier, J.-P, Raskin, J. Remacle and D. Flandre, DNA analytical system-on-a- 
chip, in "Encyclopedia of sensors", (Eds), 2005. 

50. R. Pampin, B. Foultier, J.-P. Raskin, J. Remacle and D. Flandre, DNA Analytical CMOS 
Systems-On-a-Chip, in "Encyclopedia of Sensors", E. C. D. a. M. V. P. C.A. Grimes (Eds), 1-18, 
2006. 

51. T. Pascal, F. Debacq-Chainiaux, A. Chretien, C. Bastin, A.-F. Dabee, V. Bertholet, J. Remacle 
and O. Toussaint, Comparison of replicative senescence and stress-)induced premature senescence 
combining differential display and low-density DNA arrays, FEBS Lett, 579, 3651-3659, 2005 
(Impact fact. 3,609). 

52. J.-P. Piret, T. Arnould, B. Fuks, P. Chatelain, J. Remacle and C. Michiels, Caspase activation 
precedes PTP opening in TNF-a-induced apoptosis in L929 cells, Mitochondrion, 3, 261-278, 2004 
(Impact fact. 1 .65). 

53. J.-P. Piret, T. Arnould, B. Fuks, P. Chatelain, J. Remacle and C. Michiels, Mitochondria 
permeability transition-dependent tert-butyl hydroperoxide-induced apoptosis in hepatoma HepG2 
cells, Biochem Pharmacol, 67, 611-620, 2004 (Impact fact. 3.34). 

54. J, Remacle, Des biopuces sur le marche, Athena, 151, 453-456, 2000 (Impact fact. 

55. J. Remacle, AAT S.A. et la genomique, La Revue Generate, 02, 83-87, 2001 (Impact fact. 

56. J. Remacle, I. Alexandre, I. Ernest and N. Zammatteo, Method and kit for diagnosing and/or 
quantifying by sandwich hybridization of nucleic acid sequences on solid support, Brevet 
PCT/BE97/00102 filed in 1997, 2000^ 

57. J. Remacle, M. Art, L. Lockman and N. Zammatteo, Reverse detection for identification 
and/or quantification of nucleotide target sequences on biochips, brevet EU 00870127.8 filed in June 
2000, 2000. 

58. J. Remacle, S. Hamels, N. Zammatteo, L. Lockman, S. Dufour, I. Alexandre and F. De 
Longueville, Method and kit for detection and/or quantification of homologous nucleotide sequences 
on arrays, Brevet EU 00870055.1 filed in March 2000, 2000. 

59. J. Remacle, P. Renard and M. Art, Method and kit for the screening and/or the quantification 
of transcriptional factors, Brevet EU 00870057.7 filed in March 2000, 2000. 

60. P. Renard, E. Delaive, M. Van Steenbrugge, J. Remacle and M. Raes, Is the effect of 
interleukin-1 on glutathione oxidation in cultured human fibroblasts involved in NF-kB activation? 
Antioxidant and Redox Signalling, 2, 329-40, 2001 (Impact fact. 

61 . P. Renard, I. Ernest, A, Houbion, M. Art, H. Le Calvez, M. Raes and J. Remacle, 
Development of a sensitive multi-well colorimetric assay for active NF-kB, Nucleic Acids Res., 29, I- 
5,2001 (Impact fact. 4.488). 

62. I. Roland, E. Minet, I. Ernest, T. Pascal, G. Michel, J. Remacle and C. Michiels, Identification 
of hypoxia-responsive messengers expressed in human microvascular endothelial cells using 
differential display RT-PCR, Eur. J. Biochem., 267, 3567-3574, 2000 (Impact fact. 3.275). 



63. M. Salmon, J. Dedessus Le Moutier, F. Wenders, S. Chiarizia, F. Eliaers, J. Remade, V. 
Royer, T. Pascal and O. Toussaint, Role of the PLA2-independent peroxiredoxin VI activity in the 
survival of immortalized fibroblasts exposed to cytotoxic oxidative stress, FEBS Lett, 557, 26-32, 
2004 (Impact fact. 3.644). 

64. O. Toussaint, P. Dumont, J.-F. Dierick, T. Pascal, C. Frippiat, F. Chainiaux, J. -P. Magalhaes, 
F. Eliaers and J. Remacie, Stress-induced premature senescence as alternative toxicological method 
for testing the long-term effects of molecules under development in the industry, Biogerontology, 1, 
177-181, 2000 (Impact fact. 1.938). 

65. O. Toussaint, P. Dumont, J. F. Dierick, T. Pascal, C. Frippiat, F. Chainiaux, F. Sluse, F. 
Eliaers and J. Remacie, Stress-induced premature senescence. Essence of life, evolution, stress and 
aging, Ann. NY Acad. Sci., 908, 85-98, 2000 (Impact fact. 1.030). 

66. O. Toussaint, P. Dumont, J. F. Dierick, T. Pascal, S. Mazarati, A. Barez, F. Eliaers and J. 
Remacie, Reponse a long terme aux stress sublethaux = vieillissement cellulaire accelere? in 
"Proceedings 21th Winter Meeting Gerontologie & Geriatrie", Baeyens (Eds), Garant, 23-38, 2002. 

67. O. Toussaint, P. Dumont, J. Remacie, J. F. Dierick, T. Pascal, C. Frippiat, J. P. Magalhaes, S. 
Zdanov and F. Chainiaux, Stress-induced premature senescence or stress-induced senescence-like 
phenotype: one in vivo reality, two possible definitions? How stress, cellular behaviors, growth 
kinetics and cell heterogeneity interact in senescence, Scientific World J., 2, 230-247, 2002 (Impact 
fact. 

68. O. Toussaint, P. Lemaire, P. Dumont, J.-F. Dierick, T. Pascal, C. Frippiat, F. Chainaux, J. P. 
Magalhaes, F. Eliaers, A.-F. Dabee and J. Remacie, Nutrition, vieillissement et modeles in vitro 
permettant de tester les effets a long terme potentiels d'additifs alimentaires en d&veloppement dans 
I'industrie agro-alimentaire, in "L'impact de la nutrition sur la sante", D. Provoost (Eds), Garant. 
Louvain, 79-86, 2000. 

69. O. Toussaint, J. Remacie, B. F. C. Clark, E. S. Gonos, C. Franceschi and T. B. L. Kirkwood, 
Molecular, Cellular and Tissue Gerontology, Bioessays, 22, 954-956, 2000 (Impact fact. 6.227). 

70. O. Toussaint, J. Remacie, J. F. Dierick, T. Pascal, C. Frippiat, V. Royer and F. Chainiaux, 
Approach of evolutionary theories of ageing, stress, senescence-like phenotypes, calorie restriction 
and hormesis from the view point of far- from-equilibrium thermodynamics, Mech Ageing Dev, 123, 
937-46, 2002 (Impact fact. 0.890), 

71. O. Toussaint, J. Remacie, J. F. Dierick, T. Pascal, C. Frippiat, V. Royer, J. P. Magalhaes, S. 
Zdanov and F. Chainiaux, Stress-induced premature senescence: from biomarkers to likeliness of in 
vivo occurence, Biogerontology, 3, 13-17, 2002 (Impact fact. 1.938). 

72. O. Toussaint, J. Remacie, J. F. Dierick, T. Pascal, C. Frippiat, S. Zdanov, J. P. Magalhaes, V. 
Royer and F. Chainiaux, From the Hayflick mosaic to the mosaics of ageing. Role of stress- induced 
premature senescence in human ageing, Int J Biochem Cell Biol, 34, 1415-29, 2002 (Impact fact. 
1.124). 

73. O. Toussaint, V. Royer, M. Salmon and J. Remacie, Stress-induced premature senescence and 
tissue ageing, Biochem Pharmacol, 64, 1007-9, 2002 (Impact fact. 2.612). 

74. S. Vankoningsloo, A. De Pauw, A. Houbion, S. Tejerina, C. Demazy, F. de Lpngueville, V. 
Bertholet, P. Renard, J. Remacie, P. Holvoet, M. Raes and T. Arnould, CREB activation induced by 
mitochondrial dysfunction triggers triglyceride accumulation in 3T3-L1 preadipocytes, J Cell Sci, 
2006 (Impact fact. 7.25 - 0021-9533 (Print) 

Journal article). 

75. S. Warnon, N. Zammatteo, I. Alexandre, C. Hans and J. Remacie, Colorimetric detection of 
the tuberculosis complex using cycling probe technology and hybridization in microplates, 
Biotechniques, 28, 1 152-1 160, 2000 (Impact fact. 1 .946). 



76. N. Zammatteo, S. Hamels, F. De Longueville, [. Alexandre, J.-L. Gala, F. Brasseur and J. 
Remade, New chips for molecular biology and diagnostics, in "Biotechnology", M. R. El-Gewely 
(Eds), Elsevier, 8, 85-101, 2002. 

77. N. Zammatteo, L. Jeanmart, S. Hamels, S. Courtois, P. Louette, L. Hevesi and J. Remacle, 
Comparison between different strategies of covalent attachment of DNA to glass surfaces to build 
DNA microarrays, Anal. Biochem., 280, 143-150, 2000 (Impact fact. 2.047). 

78. N. Zammatteo, L. Lockman, F. Brasseur, E. de Plaen, C. Lurquin, P.-E. Lobert, S. Hamels, T. 
Boon and J. Remacle, DNA microarray to monitor the expression of MAGE-A genes, Clinical 
Chemistry, 48, 25-34, 2002 (Impact fact. 3.422). 



